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A b s tra c t
A c lo s e d , co n tin u o u s-flo w , d i f f e r e n t i a l  re s p iro m e te r  was developed  
to  m easure shrim p r e s p i r a t i o n  a t  c o n s ta n t  am bien t oxygen c o n c e n tra t io n s . 
I n  a d d i t io n  to  p ro v id in g  c o n s ta n t d is s o lv e d  oxygen c o n c e n tra t io n s ,  t h i s  
re s p iro m e te r  p re v e n ts  th e  accu m u la tio n  o f  w aste  p ro d u c ts  in  th e  t e s t  
cham ber, and c o n tin u o u s ly  re c o rd s  th e  oxygen c o n c e n tra t io n  b e fo re  and 
a f t e r  exposu re  to  th e  t e s t  an im a l. The re s p iro m e te r  was used  to  meas­
u re  oxygen consum ption r a t e s  o f  two s i z e  c la s s e s  (3*7 and 6 .7  g mean wet 
w eigh t) o f  Penaeus a z te c u s  a t  s e v e ra l  c o n d it io n s  a f t e r  t h e i r  a c c lim a tio n  
to  20 ° /o o  S and 25 C f o r  seven  d ay s. Oxygen consum ption r a t e s  f o r  
r e s t i n g  and a c t iv e  6 .7 -g  shrim p w ere a p p ro x im a te ly  0 .1 3  and 0 .5 5  ng Og* 
g wet wt ^*hr \  r e s p e c t iv e ly ,  and were s i g n i f i c a n t l y  d i f f e r e n t .  The 
oxygen consum ption r a t e  (0 .3 6  mg O ^ g  wet wt ^*hr *) o f  an e x u v ia t in g  
shrim p was found to  be s i g n i f i c a n t l y  g r e a te r  th an  th a t  (0 .2 2  mg 0^g  wet 
w t- ^ 'h r " * )  10 days fo llo w in g  e c d y s is . The oxygen consum ption r a t e s  and 
hemolymph o s m o la li ty  o f  b o th  s i z e s  o f sh rim p were m easured a t  a l l  caa - 
b in a t io n s  o f  10, 20 , and 30 ° / ° °  S and 18, 23, 28, and 33 C a f t e r  a  min­
imum o f  seven  days a c c l im a tio n  to  th e  t e s t  s a l in i ty - te m p e r a tu r e  combin­
a t io n s .  In c re a s in g  te m p e ra tu re  s i g n i f i c a n t l y  in c re a s e d  shrim p oxygen 
consum ption; a t  18 , 23, 28, and 33 C, th e  av e rag e  oxygen consum ption was
0.29* 0.35* 0.**8, and 0 .5 5  mg 0£*g wet wt *»hr r e s p e c t iv e ly .  I n ­
c re a s in g  s a l i n i t y  s i g n i f i c a n t l y  in c re a s e d  th e  s h r im p 's  hemolymph osmo­
l a l i t y ;  a t  10, 20 , and 30 ° /o o  S , th e  av e rag e  hemolymph o s m o la li ty  was 
m easured to  be 616 , 696, and 77** mOsm, r e s p e c t iv e ly .  D ata su g g e s t 
t h a t  a t  30 ° / ° °  S , th e  6 . 7 -g  shrim p i s  a  b e t t e r  h ypo-osm oregu la to r
ix
th a n  th e  3 . 7 -g  shrim p. T h is  may be a  f a c to r  in  th e  s h r im p 's  
em ig ra tio n  tow ard o f f sh o re  w a te rs . R e s u lts  o f  th e  oxygen consum ption 
and hemolymph d a ta  su g g e s t t h a t  P. a z te c u s  i s  w e ll ad ap ted  to  e s tu a r in e  
s a l i n i t i e s  and te m p e ra tu re s  and expends l i t t l e  energy  f o r  osm oregula­
t io n  betw een 10 and 30 ° / ° °  S . B ecause p f u n c o n tro l le d  a c t i v i t y ,  
a c c u ra te  s ta n d a rd  m e tab o lic  r a t e s  f o r  c ru s ta c e a n s  a r e  d i f f i c u l t  to  
o b ta in .  However, i n d i r e c t  c a lo r im e try  c a lc u la t io n s  show th a t  energy  
e q u iv a le n t  to  ap p ro x im a te ly  1 .2 £  o f  a  6 . 7 -g  sh r im p 's  w et w eigh t i s  
n e c e s sa ry  f o r  a  m inim al d a i ly  energy  e x p e n d itu re , and th a t  th e  av erag e  
d a i ly  energy  e x p e n d itu re s  f o r  3 .7  to  6 . 7 -g  shrim p a re  ap p ro x im a te ly  
2 .5 *  o f th e  s h r im p 's  wet w e ig h t. The u se  o f a co n tin u o u s-flo w  r e s p i ­
ro m e te r to  m easure shrim p oxygen consum ption i s  recommended because 
shrim p a re  oxygen r e g u la to r s  a t  r e s t  and oxygen conform ers w h ile  a c t i v e .  
The d e s i r a b i l i t y  o f  r e p o r t in g  s ta n d a rd iz e d  oxygen consum ption d a ta  i s  
d is c u s s e d .
x
I n t r o d u c t io n
The energy  bud g e t o f an  an im al can be d e f in e d  a s  t h a t  a n im a l 's  i n ­
ta k e  and e x p e n d itu re  o f  energy  under s p e c i f ie d  c o n d it io n s . The energy  
budget i s  u s u a l ly  p re s e n te d  a s  a  flow -schem e w hich d ia g ra m m a tic a lly  
t r a c e s  th e  energy  d e r iv e d  from food  to  i t s  u ses  in  v a r io u s  p h y s io lo g ­
i c a l  p ro c e sse s  ( s e e  Brody 19^5? B r e t t  1970; Crampton and H a r r is  1969? 
H a rr is  1966). I n t e r e s t  in  th e  in ta k e  and u t i l i z a t i o n  o f  energy  in  
a q u a tic  p o ik ilo th e rm s  has in c re a s e d  w ith  h e ig h ten ed  i n t e r e s t s  in  t h e i r  
h a b i t a t s .  The amount o f  energy  channeled  th ro u g h  an organism  and th e  
co m p artm e n ta liz a tio n  o f  t h a t  energy  depends upon en v iro n m en ta l and phys­
io lo g ic a l  p a ram ete rs  such  a s  sea so n , te m p e ra tu re , p h o to p e rio d , s a l i n i t y ,  
s e x , s i z e ,  ag e , fo o d , crow ding, s ta g e  o f th e  m olt c y c le , e t c .  ( B r e t t  
1970; Crampton and H a rr is  1969; P ro sse r  and Brown 1961; Waterman I 96O5 
Zeuthen 19^7). Most o f th e  energy  in g e s te d  by an an im al i s  expended in  
b a s a l  m etabolism  and f o r  m ain tenance (Brody 19^5)« c a t t l e  may r e s p i r e  
up to  60% o f t h e i r  c a lo r ic  in ta k e  on a  m ain tenance d i e t  (Crampton and 
H a rr is  I 969) ;  salm on, k0% ( B r e t t  1970); and th e  c ra b , Menlppe m ercen-  
a r l a , 18-55% (Sushchenya and C laro  I 966) .  Because m e tab o lic  demands o f 
m ain tenance and fe e d in g  a c t i v i t y  must be s a t i s f i e d  b e fo re  grow th can 
o c cu r , knowledge o f  th e s e  demands under v a r io u s  c o n d itio n s  may be used 
ad v an tag eo u sly  to  c o n tro l  o r m an ip u la te  food co n v ers io n  ( B r e t t  1970).
I n t e r n a l  r e s p i r a t i o n  o r in te rm e d ia ry  m etabolism  i s  th e  sum o f  enzy­
m atic  r e a c t io n s  in  which energy  i s  made a v a i l a b le  f o r  b io lo g ic a l  work 
(P ro s s e r  and Brown 1961), and th e  b e s t  measure o f m etabolism  i s  th e  
c a lo r i c  o u tp u t (F ry  1957). O b ta in in g  th e  c a lo r ic  o u tp u t f o r  th e  e x p e r i­
m ental organism  r e q u i r e s  th e  d e te rm in a tio n  o f i t s  oxygen consum ption,
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carbon  d io x id e  p ro d u c tio n , n i t ro g e n  e x c r e t io n ,  and th e  c a lo r i c  c o n te n t 
o f  th e  e x c re ta  (F ry  1957). T h is  d i f f i c u l t  ta s k  has seldom  been  c a r r ie d  
o u t co m p le te ly  and u s u a l ly  oxygen consum ption a lo n e  i s  used  to  m easure 
m etabolism  (F ry  1957).
To d a te ,  v e ry  l i t t l e  r e s e a rc h  has been concerned  w ith  any p o r t io n  
o f  th e  energy  bud g e t o f p en ae ld  shrim p even though th e y  a re  c o n s id e re d  
one o f  th e  most f e a s i b l e  c ru s ta c e a n  s p e c ie s  f o r  c u l tu r e  ( Iv e rs o n  1968; 
B ardach e t  a l .  1972) and a n n u a lly  su p p o rt a  m u lt im il l io n  d o l l a r  f i s h e r y  
in  th e  G ulf o f  Mexico (R oedel 1973). Condrey e t  a l .  (1972) t e s t e d  con­
v e rs io n  e f f i c i e n c i e s  o f s e le c te d  d i e t s  o f P. a z te c u s  and P. s e t l f e r u s . 
and s e v e r a l  in v e s t ig a to r s  have s tu d ie d  penae id  oxygen consum ption (Egusa 
1961; Ik ed a  1970; Kader 1962; K u tty  1969; K utty  e t  a l .  1971; Rao 1958; 
S te e d  and C opeland 1967; Subrahmanyam 1962; V enkataram iah e t  a l .  197^; 
V eerasinghe  and Arudpragasam 1967; Z e in -E Id in  and Klima 1965). Subrah­
manyam (1962) has shown th a t  a  sh rim p , P. ln d lc u s . i s  an oxygen con-
fo rm er and th a t  i t s  oxygen-consum ption ra te  i s  dependent upon th e  
p a r t i a l  p re s s u re  o f  oxygen even above sa tu ra tio n  l e v e l s .  Thus, a s  
th e  am bien t oxygen c o n c e n tra tio n  in  a  c lo se d  chamber d e c re a se s  due to  
r e s p i r a t i o n ,  th e  s h r im p 's  r e s p i r a to r y  r a t e  w i l l  a l s o  d e c re a se . B ecause 
a l l  p re v io u s  i n v e s t i g a to r s ,  ex cep t Egusa, have used s t a t i c  c o n d itio n s  
(c lo s e d  cham bers) to  m easure oxygen consum ption o f sh rim p , t h e i r  r e s u l t s  
p ro b ab ly  a re  n o t r e p r e s e n ta t iv e  o f  r e s p i r a to r y  r a t e s  under n a tu r a l  con­
d i t i o n s .  A c o n tin u o u s -f lo w , d i f f e r e n t i a l  re s p iro m e te r  has s e v e ra l  a d ­
v an tag es  f o r  oxygen consum ption m easurem ents: f i r s t ,  th e  t e s t  an im al i s
su p p lie d  w ith  c o n s ta n t oxygen c o n c e n tra t io n s ;  second , a  b u ild u p  o f m eta­
b o l ic  w astes  i s  av o id ed ; and t h i r d ,  co n tin u o u s  re c o rd in g s  o f oxygen con­
c e n t r a t io n s  b e fo re  and a f t e r  exposure  to  th e  t e s t  an im al can be o b ta in e d  
f o r  lo n g  d u ra t io n s  o f  tim e . D ata o b ta in e d  from a c o n tin u o u s -f lo w ,
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r e c o rd in g , d i f f e r e n t i a l  re s p iro m e te r  a r e  n o t o n ly  more i n d ic a t iv e  o f 
th e  oxygen consum ption r a t e s  under th e  s e le c te d  c o n d it io n s , b u t  th e  p e r ­
c e n t  o f  tim e th e  t e s t  an im al spends in  an  a c t iv e  o r  r e s t i n g  s t a t e  can be 
e s tim a te d .
The r e s p i r a to r y  p ro c e sse s  have been c o n v e n ie n tly  d iv id e d  in to  th r e e  
in d ep en d en t p a r t s » 1) t h a t  f o r  b a s a l  m etabolism ; 2) t h a t  f o r  h e a t  i n ­
crem ent; and 3) t h a t  f o r  a c t i v i t y  (W arren and D avis 19 6 ?). B asa l m etab­
o lism  f o r  a  homoiotherm i s  th e  " i r r e d u c ib le  energy  c o s t  o f  m ain tenance" 
o f  a  c o n sc io u s , p o s t- a b s o r p t iv e  an im al a t  r e s t  in  a  th e rm o n e u tra l en­
v ironm ent (Crampton and H a rr is  1969). P o ik ilo th e rm s  do n o t have a  d e f ­
i n i t e ,  s t a b l e  b a s ic  m e tab o lic  r a t e  (W inberg 1956) b ecause  t h e i r  " b a s a l"  
m etabolism  in c re a s e s  w ith  in c re a s in g  te m p e ra tu re  (F ry  1957). For t h i s  
re a so n , f o r  p o ik ilo th e rm s , s ta n d a rd , r a th e r  th an  b a s a l ,  m etabolism  i s  
used to  d en o te  th e  p o s t - a b s o r p t iv e ,  r e s t i n g ,  co n sc io u s  s t a t e  a f t e r  a c ­
c lim a tio n  to  a p a r t i c u l a r  tem p e ra tu re  and s a l i n i t y  ( B r e t t^ ,  p e rso n a l 
com m unication, 14 J u ly  1972). However, because  th e  r e s t i n g  s t a t e  o f  
m ost p o ik ilo th e rm s  i s  n o t w e ll d e f in e d  (Z euthen  1947) and because  many 
p o ik ilo th e rm s  a r e  s u b je c t  to  p e r io d s  o f spon taneous a c t i v i t y ,  P ry  (1957) 
used  th e  term  r o u t in e  m etabolism  to  d en o te  th e  s ta n d a rd  m etabolism  p lu s  
a  minimum amount o f  a c t i v i t y .
The h e a t  in c rem en t i s  a  m e ta b o lic  su rg e  a f t e r  consum ption o f food 
when th e  an im al i s  in  a  " th e rm o n e u tra l environment?' (H a r r is  1966). Thus 
an an im al which has j u s t  e a te n  and i s  in  a r e s t i n g  s t a t e  has a h ig h e r 
m e ta b o lic  r a t e  th an  t h a t  o f  an an im al in  a  p o s t - a b s o r p t iv e ,  r e s t i n g
^ B io lo g ic a l S ta t io n ,  F is h e r ie s  R esearch  Board o f Canada, P.O. Drawer 
100, Nanaimo, B r i t i s h  Colum bia, Canada
s t a t e .  The h e a t  In c rem en t does n o t r e p r e s e n t  th e  work o f  d ig e s t io n ,  and 
I t  may be g r e a te r  f o r  d i e t s  la c k in g  e s s e n t i a l  amino a c id s  o r  in o rg a n ic  
n u t r i e n t s  th a n  f o r  com ple te , b a lan ced  d i e t s  (Cram pton and H a r r is  1969). 
B r e t t  (1970) found th a t  ab o u t 5% of th e  in g e s te d  energy  may be ch anneled  
in to  th e  h e a t  in c rem en t f o r  th e  salm on, Oncorhynchus n e rk a .
The oxygen consum ption due to  a c t i v i t y  i s  th e  in c r e a s e  above t h a t  
due to  th e  " b a s a l” m etabolism  and th e  h e a t in c re m en t. T h is  i s  due to  
v o lu n ta ry  a c t i v i t y ,  i . e . ,  f e e d in g , m ig ra tio n , b u ry in g , swimming, w alk­
in g , d e fe n se , e tc .  (Crampton and H a rr is  1969; H a r r is  1966).
B en th ic  decapods may spend c o n s id e ra b le  tim e i n  an  in a c t iv e  s t a t e  
in te r r u p te d  by s h o r t  p e r io d s  o f  a c t i v i t y  f o r  fe e d in g  o r  s u r v iv a l  (Wol- 
vekamp and Waterman i 960) .  L i t t l e  d a ta  a r e  a v a i l a b le  f o r  energ y  expen­
d i tu r e  o r  oxygen consum ption f o r  decapods a t  r e s t ,  and a lm o s t none e x i s t  
p e r ta in in g  to  t h e i r  a c t i v e  m etabolism  (s e e  Iv le v  1963; Kalmus 1930).
P enaeid  shrim p o f th e  G ulf o f  Mexico e x h ib i t  a  complex l i f e  c y c le  
which in c lu d e s  a d i s t i n c t  m ig ra tio n  betw een deep o f f s h o re  w a ters  and 
sh a llo w  e s tu a r in e  w a te rs . In  th e  e s tu a r i e s ,  th ey  a r e  exposed to  d a l ly  
and s e a s o n a l changes in  s a l i n i t y  and te m p e ra tu re  and may grow from  an  
i n i t i a l  s i z e  o f 12 mm to  le n g th s  g r e a te r  th an  100 mm b e fo re  r e tu r n in g  
to  o f f s h o re  w a te rs  (F a r fa n te  1969; W illiam s 1965) .  B ecause most o f  th e  
in g e s te d  energy  i s  expended f o r  r e s p i r a t i o n ,  and r e s p i r a t i o n  i s  r e p o r te d  
to  be in f lu e n c e d  by s a l i n i t y ,  s i z e ,  and te m p e ra tu re  (Wolvekamp and 
Waterman i 960) ,  th e  e f f e c t s  o f  s e le c te d  c o n d itio n s  on th e  oxygen con­
sum ption and osm o reg u la tio n  o f P. a z te c u s  were in v e s t ig a te d .
O b je c tiv e s
The o b je c t iv e s  o f t h i s  r e s e a rc h  w ere a s  fo llo w s t
1. To dev e lo p  a  f lo w in g -se a w a te r , d i f f e r e n t i a l ,  re c o rd in g  re s p iro m e te r  
in  which th e  ex p e rim en ta l an im a ls  a r e  n o t exposed to  d e c re a s in g  am­
b ie n t  oxygen c o n c e n tra t io n s  d u rin g  t e s t s .
2. To d ev elo p  s ta n d a rd iz e d  t e s t i n g  c o n d itio n s  f o r  shrim p which in c lu d e  
e s t im a te s  o f  v a r ia n c e  due to  th e  fo llo w in g s  a ) in d iv id u a l  a c t i v i t y ;  
b) crow ding; c) c i r c a d ia n  rhy thm s; and d) l i g h t ,  red u ced  l i g h t .
3. To m easure th e  oxygen consum ption o f two ty p ic a l  e s tu a r in e  s i z e  
c la s s e s  o f  P. a z te c u s  a c c lim a te d  to  s a l i n i t y  and tem p era tu re  com­
b in a t io n s  which shrim p may e x p e rien c e  in  th e  e s tu a ry .
4 . To m easure th e  e f f e c t s  o f  s e le c te d  s a l in i ty - te m p e r a tu r e  combina­
t io n s  or th e  sh r im p 's  hemolymph o s m o la li ty .
5. To e s tim a te  by i n d i r e c t  c a lo r im e try  th e  s h r im p 's  minimum and a v e r ­
age d a i ly  e x p en d itu re  o f  energy .
Materials and methods*
A pparatus
A c lo s e d , c o n tin u o u s ly -f lo w in g , d i f f e r e n t i a l  re s p iro m e te r  was used  
to  m easure th e  oxygen consum ption r a t e s  o f sh rim p. I t s  b a s ic  d e s ig n  was 
m od ified  from th e  a p p a ra tu s  employed by Keys (1 9 3 0 ). I t  c o n s is te d  o f a  
t e s t  chamber p o s it io n e d  betw een two oxygen p o la ro g ra p h s  th ro u g h  which 
a  known volume o f w a ter flow ed from a  su p p ly  to  a  catchm ent r e s e r v o i r  
(P ig . l ) .  Prom th e  su p p ly  r e s e r v o i r ,  lo o a te d  above th e  p robes and cham­
b e r ,  w a te r was siphoned  in to  a  c o n s ta n t-w a te r  l e v e l  a p p a ra tu s  which 
m a in ta in ed  a  c o n s ta n t h y d r o s ta t ic  p re s s u re  r e g a r d le s s  o f  th e  amount o f 
w a te r in  th e  su p p ly  r e s e r v o i r .  Prom th e  w a te r - le v e l  a p p a ra tu s ,  w a te r 
flow ed by g r a v i ty  th rough  a  flow m eter to  th e  f i r s t  p o la ro g rap h  which 
m easured th e  oxygen c o n c e n tra t io n  o f w a ter e n te r in g  th e  t e s t  chamber.
The w a te r  th en  passed  th ro u g h  th e  ex p e rim en ta l cham ber, to  th e  second 
p o la ro g ra p h , th en  to  th e  catchm ent r e s e r v o i r ,  from which i t  was re tu rn e d  
to  th e  su p p ly  r e s e r v o i r .  When th e  w a ter le v e l  in  th e  catchm ent r e s e r ­
v o ir  re ach ed  a  p red e te rm in ed  maximum, a f lo a t - o p e r a te d  sw itc h  tu rn e d  on
a  su b m ers ib le  pump which re c y c le d  th e  w a ter to  th e  su p p ly  r e s e r v o i r .
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Tygon tu b in g  was used to  co nnec t th e  flow m eter, p o la ro g rap h  cham­
b e r s ,  s to p c o c k s , t e s t  cham ber, and catchm ent r e s e r v o i r .  The oxygen 
p e rm e a b il i ty  o f Tygon i s  196 mg 0£ p e r  100 sq u a re  in c h e s  p e r 0.001 in c h  
th ic k n e s s  p e r  2k h r  a t  25 C and 50^ hum id ity  (Anonymous 1965)» and was 
o b ta in e d  u s in g  pure  oxygen a t  h ig h  p re s s u re s  (Anonymous 1973). T here
* th e  u se  o f tr a d e  names does n o t n e c e s s a r i ly  im ply endorsem ent o f  t h a t  
p ro d u c t
S la r te k  In s tru m e n ts  I n c . , 879 West 16 th  S t r e e t ,  Newport Beach, CA 92660 
■^Norton Company, P.O. Box 350, Akron, Ohio kkJQ»9
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were 3 3 .8  In c h e s  o f  0 .5  in c h  0 0 -0 .3 7 5  in c h  ID tu b in g  betw een th e  p robes 
(53 s u r fa c e  in c h e s  ) .  T h e re fo re  f o r  a  two- and a  2 ^ -h r  ex p erim en t, 0 .1 ^  
and 1 .6 5  mg 0 could have d i f f u s e d  th ro u g h  th e  tu b in g . T h is  i s  l e s s  
th an  336 o f  th e  oxygen consumed by th e  3- 7 -g  shrim p i n  an eq u a l amount 
o f  tim e and i s  below th e  le v e l  o f  d e t e c t a b i l i t y  o f  th e  p o la ro g ra p h s .
Flow r a t e s  were m a in ta in ed  by two Hoffman screw  com pressor clam ps 
p o s it io n e d  on th e  Tygon tu b in g  im m ed ia te ly  upstream  from th e  flow m eter. 
Throughout a l l  experim en ts  th e  flow  r a t e  was a d ju s te d  such  th a t  th e  
l i g h t e r  d e n s i ty  " f lo a t"  in  th e  flow m eter m a in ta in ed  a  c o n s ta n t p o s i t io n .  
Flow r a t e s  were m easured a t  each te m p e r a tu r e - s a l ln i ty  com bination  by a  
s topw atch  and a  1000 ml g rad u a ted  c y l in d e r .  Because w ater d e n s i ty  
v a r ie s  d i r e c t l y  w ith  s a l i n i t y  and in v e r s e ly  w ith  te m p e ra tu re , flow  r a t e s  
were minimum a t  th e  h ig h e s t  s a l i n i ty - lo w e s t  tem p era tu re  com bination  
(1 .9 3 ^  1 h r and maximum a t  th e  lo w est s a l i n i t y - h i g h e s t  tem p era tu re  
com bination  (2 .5 1 9  1 h r ^ ) , These flow  r a t e s  amounted to  no more th an  
a  d r ip  in to  th e  catchm ent r e s e r v o i r  and were n o t co n sid e red  to  in f lu e n c e  
th e  s h r im p 's  oxygen consum ption. A th ree -w ay  s topcock  and a Y - jo in t ,  
lo c a te d  above and below th e  flow m eter r e s p e c t iv e ly ,  a llow ed  p e r io d ic  
f lu s h in g  o f th e  p robe and t e s t  chambers between experim en ts  w ith o u t d i s ­
tu rb in g  th e  ex p e rim en ta l f lo w - ra te  s e t t i n g s .
To m a in ta in  th e  n e c e ssa ry  flow  o f w a ter p a s t  th e  p o la ro g rap h  probe 
membranes (3  cm se c " ^ , M artek M anual), i t  was n e ce ssa ry  to  c o n s tr u c t  
sm all P le x ig la s  chambers which would acconinodate th e  probe and a  m agnet­
i c  s t i r - b a r .  T h is  p e rm itte d  th e  o v e r a l l  flow  r a t e  to  be red u ced , and a t  
th e  same tim e , th e  n e c e ssa ry  3 cm se c  * flow  p a s t  th e  membrane was m ain­
ta in e d . P robes were f i t t e d  in to  th e  P le x ig la s  chambers by a  p o ly v in y l 
c h lo r id e  (PVC) c o l l a r  and an 0 - r in g  (F ig . 2 ) . Vacuum g re a se  was a p p lie d
IipiMhNl idiM iatic of(not drawn t« ' °**to« P *o*o •nd Pro**
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to  th e  0 - r in g  to  p ro v id e  an  a i r t i g h t  f i t .  The re v o lu t io n  r a t e  (rpm) o f 
th e  M agnetic s t i r r e r s  was sy n ch ro n ized  by a  v a r ia b le  speed s t ro b e  l i g h t  
because  th e  rpm in f lu e n c e d  th e  oxygen m easurem ents. F ig . 3 shows th e  
r e l a t io n s h ip  betw een th e  rpm o f th e  m agnetic  s t i r r e r s  and th e  re sp o n se  
o f  th e  p robes to  in c re a s in g  c i r c u l a t i o n  p a s t  th e  membrane. A re sp o n se  
p la te a u  i s  reach ed  a t  rpm g r e a te r  th a n  900. The rpm o f th e  m agnetic  
s t i r r e r s  d u r in g  a l l  t e s t s  was a p p ro x im a te ly  1200 and, th e r e f o r e ,  above 
th e  i n f l e c t i o n  p o in t  o f  th e  re sp o n se  cu rv e .
The P le x ig la s  t e s t  chamber c o n s is te d  o f a  c y lin d e r  78 mm h igh  
and 127 mm in  d ia m e te r ( o u ts id e  d im en sio n s). The i n l e t  stem  was lo c a te d  
on th e  s id e  and n e a r th e  bottom  o f th e  chamber. The e x i t  stem  was 
lo c a te d  n e a r th e  to p  o f th e  o p p o s ite  s id e .  The chamber to p  screw ed i n ­
to  th e  chamber and a  g rea sed  0 - r in g  in s u re d  an  a i r t i g h t  s e a l .  The 
u n d e rsu rfa c e  o f  th e  to p  was concave to  t r a p  a i r  a s  th e  chamber f i l l e d ,  
and a  h o le  th ro u g h  th e  to p , a t  th e  c o n e 's  apex , f a c i l i t a t e d  rem oval o f 
a i r  from th e  chamber. F lo r a l  clay^" was used  to  s e a l  th e  h o le  d u rin g  
ex p erim en ts . Two P le x ig la s  d is c s  were p laced  in  th e  chamber to  d e c re a se  
i t s  volume and co n seq u en tly  in c r e a s e  th e  cham ber's  f lu s h in g  r a t e .  The 
volume o f th e  chamber was 2^5 ml. The volume between th e  p ro b e s , 
in c lu d in g  th e  cham ber, was ^20 ml. The rep lacem en t tim e f o r  th e  w a ter 
in  th e  chamber was 7 m inu tes 36 seconds a t  th e  s lo w e s t flow  r a t e  and 5 
m lnut68 50 seconds a t  th e  f a s t e s t  flow  r a t e .
Three-w ay s to p co ck s  p o s it io n e d  betw een th e  p robes and th e  t e s t  
chamber p e rm itte d  th e  w a te r to  be sh u n ted  d i r e c t l y  from one probe to  th e  
o th e r ,  b y p ass in g  th e  chamber. T h is  a llow ed  th e  two probes to  be sy n -
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c h ro n iz ed  p r io r  to  ex p erim en ts  and checked a f t e r  each  t e s t .  The su p p ly  
r e s e r v o i r  was a e r a te d ,  and th e  p robes were a d ju s te d  to  s a tu r a t i o n  oxy­
gen v a lu e s  a t  each  s a l in i ty - te m p e r a tu r e  com bina tion .
Both oxygen p ro b es  w ere connected  to  a  common s t r i p - c h a r t  reco rd er* , 
and a  t im e -s h a r in g  d e v ice  a llo w ed  a l t e r n a t i n g  t r a c e s  o f  15 seconds f o r  
th e  in f lo w in g  w a te r and 30 seconds f o r  th e  o u tflo w in g  w a te r on a  s in g le  
c h a r t .  B ecause th e  p ro b es  m easured th e  oxygen c o n te n t o f th e  w a te r b e ­
f o r e  and a f t e r  i t  flow ed th ro u g h  th e  cham ber, th e  s h r im p 's  oxygen con­
sum ption co u ld  be a s c e r ta in e d  from  th e  d i f f e r e n c e  betw een th e  probe 
re a d in g s  (ppm -  mg 0^ l i t e r  *) and th e  flow  r a t e ,  i . e . ,  th e  d i f f e r e n c e  
betw een th e  p ro b es  (mg 0^ l i t e r  *) tim es th e  flow  r a t e  ( l i t e r s  h r  *) =* 
mg 0^ consumed h r *; s e e  Appendix 2.
E x p erim en ta l p ro ced u re
Experim ental shrim p, P. a z te c u s . were caught in  a *4.9-m o t t e r  tra w l
i n  A irp la n e  Lake, J e f f e r s o n  P a r is h ,  L o u is ian a  betw een 01 Septem ber 1973
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and 30 June 197*4 . A f te r  c a p tu re  th e  shrim p were s e le c te d  f o r  s iz e  and 
t r a n s p o r te d  to  th e  L o u is ia n a  S ta te  U n iv e rs ity  campus in  Baton Kouge.
One o r two s i z e  c l a s s e s ,  3 .7  1 0 .6  g (73-82  mm) and 6 .7  t  0 .9  g (90-100 
mm), o f  shrim p were used in  a l l  t e s t s .  The 1 .7 -g  shrim p a re  a  ty p ic a l  
s i z e  c la s s  o f e s tu a r in e  shrim p p o p u la tio n s  ( S t .  Amant e t  a l .  1966), and 
th e  6 . 7 -g  shrim p a re  f r e q u e n t ly  among th e  s i z e  ran g e  e m ig ra tin g  from th e  
e s tu a r i e s  to  o f f s h o re  w a te rs  (P a rk e r  1970). Once in  th e  la b o ra to ry ,  
shrim p were p la ce d  in  p o ly e th y le n e  h o ld in g  tan k s  and a c c lim a te d  to  s e ­
le c te d  te m p e ra tu re  and s a l i n i t y  com bina tions f o r  one week (S ick  e t  a l .
* E s te r l in e  Angus, P.O. Box 2*4-00, I n d ia n a p o l is ,  In d ia n a  *4-622*4- 
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from November 1973 to  Jan u a ry  197*4, some P. duorarum were p ro b ab ly  
in c lu d e d  among th e  t e s t  an im a ls .
1973) b e fo re  b e in g  t e s t e d  a t  s im i la r  c o n d itio n s  in  th e  re s p iro m e te r .  
A cc lim atio n  and t e s t  te m p e ra tu re s  were m a in ta in ed  to  w ith in  ± 1 .5  C, and 
s a l i n i t y ,  to  w ith in  t 1 .5  ° /o o  ( r e f r a c to m e te r  r e a d in g s ) .  The acc lim a ­
t io n  and t e s t  w a te r was made from  a r t i f i c i a l  seaw ater^-. P h o to p erio d  was 
k ep t a t  12 h r  l i g h t ,  12 h r  d a rk  (1 2 :1 2  LD); th e  pho tophase began a t  0630 
and ended a t  1830 C e n tra l  S tan d a rd  Time. Shrimp were s ta rv e d  24 h r  be­
fo r e  t e s t i n g  b u t o th e rw ise  fe d  d a i ly  an  excess amount o f an ex tru d ed
p e l l e t  (co m p o sitio n  in  Appendix l ) ;  u n ea ten  food  was removed d a i ly .
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Chopped f r e s h  shrim p o r T e tra  W erke's "TetraM in ' was o c c a s io n a lly  
in c lu d e d  in  th e  d i e t .
P r io r  to  a  t e s t ,  th e  probes were sy n ch ro n ized , shrim p were p laced  
in  th e  cham ber, the  chamber voided  o f a i r  and s e a le d ,  and th e  w a ter 
sw itched  to  flow  th rough  th e  t e s t  chamber. At th e  end o f a  t e s t ,  w ater 
flow  was a g a in  shun ted  p a s t  th e  cham ber, and th e  probe re a d in g s  checked 
to  e n su re  t h a t  th ey  were re a d in g  th e  same v a lu e . The probes were read  
to  th e  n e a r e s t  0 .05  ppm. O c c a s io n a lly  s l i g h t  d r i f t i n g  o f th e  probe 
re a d in g s  was ex p e rien c e d , and i f  th e  d r i f t  was more th an  0 .15  ppm, th en  
th a t  p a r t i c u l a r  t e s t  was d is re g a rd e d  and th e  a n im a l(s )  re p la c e d  f o r  a  
new t e s t .  I f  th e  d r i f t  was l e s s  than  0 .1 5  ppm, th e  d r i f t  was assumed 
to  be c o n s ta n t  th ro u g h o u t th e  experim en t and a llo w an ces  were made in  
th e  d a ta  to  c o r r e c t  f o r  th e  d r i f t .  Shrimp were th en  m easured, sex ed , 
and weighed in d iv id u a l ly .  Except f o r  d iu rn a l  ex p e rim en ts , a l l  t e s t s
^ I n s ta n t  Ocean, Aquarium System s, I n c . ,  33208 L akeland B lv d ., E a s t la k e , 
Ohio 4409^
TST 21-5/72A o b ta in ed  from Dr. S .P . M eyers, D epartm ent o f Food S c ien ce  
and Technology, L o u is ian a  S ta te  U n iv e rs i ty ,  Baton Rouge, L o u is ian a  70803
■^425 M ille , H e rre n te ic h  70, P o s tfa c h  1580, West Germany
l a s t e d  two h o u rs , and th e  mean wet w eigh t o f  th e  t e s t  shrim p I s  u sed  
In  th e  t e x t  to  d en o te  th e  s i z e  c la s s  b e in g  d is c u s s e d . A ll  s t a t i s t i ­
c a l  d e s ig n s  and arrangem en ts  a r e  d is c u s s e d  in  Cochran and Cox (195?) 
and S te e l  and T o r r ie  ( i 960) ,  and s i g n i f i c a n t  d i f f e r e n c e s  were t e s t e d  
a t  P -  0 .0 5 .
E xperim ents 
D iu rn a l e f f e c t s :
F iv e  6 .7 -g  shrim p were t e s t e d  in d iv id u a l ly  f o r  24 h r under a  12»12 
LD p h o to p e rio d . A cclim ation  and t e s t  s a l i n i t y  and tem p e ra tu re  w ere 20 
° /o o  and 25 C, r e s p e c t iv e ly .  The probe re a d in g s  were checked p e r io d ­
i c a l l y  f o r  d r i f t i n g .  Shrim p were a llow ed  to  a c c lim a te  to  th e  chamber 
d u rin g  th e  f i r s t  1 .5  h r .  E xcept f o r  th e  i n i t i a l  1 .5  h r  and one hour 
su b seq u en t to  each probe check , oxygen consum ption d a ta  were averaged  
f o r  each 15-m in p e rio d . The 15-min p e rio d s  were s e p a ra te d  in to  e ig h t  
th r e e - h r  i n t e r v a l s  (0630-0930* 0930-1230, . . . ,  0330-0630). An a n a ly s is  
o f  v a r ia n c e  (ANOV) em ploying a  random ized b lo ck  d e s ig n  was computed on 
th e  av erag e  oxygen consum ption f o r  each shrim p d u rin g  th e  e ig h t  p e r io d s . 
V a r ia t io n  among days and among shrim p was removed by b lo c k in g .
L ig h t ,  r e d u c e d - l ig h t  e f f e c t s :
Four 6 .7 -g  shrim p were in d iv id u a l ly  s e q u e n t ia l ly  t e s t e d  w h ile  ex- 
posed to  la b o ra to ry  l i g h t  (193 lumens m ) .  A cclim ation  and t e s t  
te m p e ra tu re  and s a l i n i t y  were 20 °/oo  and 2^ C r e s p e c t iv e ly ,  and t e s t s  
l a s t e d  f o r  two h o u rs . An in v e r te d ,  b o tto m less  p l a s t i c  bucket was p laced  
ov er th e  t e s t  chamber to  p re c lu d e  v is u a l  d is tu rb a n c e s .  The n ex t day th e  
same shrim p were a g a in  t e s te d  in  th e  same sequence, b u t th e  l i g h t  was 
reduced  (<10 lumens m ) by p la c in g  an i n t a c t  p l a s t i c  bucket o v er th e
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t e s t  chamber. Two days o f s im ila r  t e s t s  were rep ea ted  w ith  th re e  d i f ­
f e re n t  6 .7 -g  shrim p excep t th a t  th e  shrim p were f i r s t  te s te d  in  reduced 
l i g h t .  An ANOV in  a  c ro ss -o v e r  d es ig n  was computed on th e  average oxy­
gen consumption r a t e s  o f th e  l a s t  two 15-min p e rio d s .
A c t iv i ty  e f f e c t s :
Four 6 .7 -g  shrim p were t e s t e d  s in g ly  f o r  oxygen consum ption d u r in g  
a c t i v i t y .  A cc lim atio n  and t e s t  s a l i n i t y  and te m p e ra tu re  were 20 ° /o o  
and 25 C r e s p e c t iv e ly .  Shrim p were p laced  in  th e  t e s t  cham ber, and th e  
chamber was shaken by hand f o r  a p p ro x im a te ly  f i v e  m inu tes . The h ig h e s t  
oxygen consum ption r a t e  d u r in g  th e  fo llo w in g  15 min was c o n s id e re d  to  
be t h a t  d u r in g  a c t i v i t y .
The lo w est oxygen consum ption from fo u r  random ly s e le c te d  d iu r n a l  
experim en ts  was o b ta in e d  to  e s tim a te  s ta n d a rd  r e s p i r a t i o n .  Because 
b o th  a c t i v i t y  and d iu r n a l  t e s t s  were conducted a t  th e  same tem p era tu re  
and s a l i n i t y ,  th e  d i f f e r e n c e s  in  oxygen consum ption d u rin g  a c t iv e  and 
r e s t i n g  s t a t e s  sho u ld  be due p r im a r i ly  to  a c t i v i t y .  T - t e s t s  com paring 
two sam ple means were used  to  t e s t  f o r  s ig n i f i c a n t  d i f f e r e n c e s  between 
th e  r e s t i n g  and a c t iv e  oxygen consum ption r a t e s .
Crowding e f f e c t s :
The e f f e c t s  o f crow ding on th e  oxygen consum ption o f 3 .7  and 6 .7 -g  
shrim p were in v e s t ig a te d .  Shrimp were a cc lim a te d  to  and te s te d  a t  20 
° /o o  S and 25 C. L ig h t was reduced  d u r in g  th e  t e s t s  by p la c in g  an  i n ­
v e r te d ,  o p a q u e -p la s t ic  bucket over th e  t e s t  chamber. E ig h t r e p l i c a t e s  
were o b ta in e d  f o r  3«7-g shrim p te s te d  in  groups o f one and two, and a  
t - t e s t  in v o lv in g  two sam ple means was employed to  t e s t  fo r  s ig n i f i c a n t  
d i f f e r e n c e s .  E ig h t r e p l i c a t e s  o f 6 .7 -g  shrim p in  groups o f one, two,
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and th r e e  and fo u r  r e p l i c a t e s  o f  6 .7 -g  shrim p In  groups o f fo u r  were 
a l s o  t e s t e d .  An ANOV In  a  co m p le te ly  random ized d e s ig n  was computed 
f o r  th e  a v e rag e  oxygen consum ption o f  th e  l a s t  two 15-m in p e r io d s  o f 
each t e s t .
S iz e ,  s a l i n i t y ,  tem p e ra tu re  e f f e c t s :
The in f lu e n c e  o f  s a l i n i t y  and te m p e ra tu re  was t e s t e d  on th e  oxygen 
consum ption and o sm o reg u la tio n  o f  two s iz e s  o f P. a z te c u s .  T hree t e s t  
s a l i n i t i e s  (1 0 , 20, 30 ° / ° ° )  and fo u r  te m p e ra tu re s  (1 8 , 23, 28, 33 C) 
were s e le c te d  to  r e p re s e n t  th e  ran g e  o f  c o n d itio n s  t h a t  shrim p may ex­
p e r ie n c e  in  e s tu a r i e s .  I d e a l ly  th e  lo w e st t e s t  tem p e ra tu re  would have 
been 16 C because P. a z te c u s  show l i t t l e  grow th below t h i s  tem p e ra tu re  
( S t .  Amant e t  a l .  1966), b u t 18 C was th e  lo w est am bien t te m p e ra tu re  
t h a t  cou ld  be a t t a in e d  in  th e  la b o ra to ry .  The h ig h e s t  t e s t  te m p e ra tu re  
app ro ach es  th e  sh rim p ’s  l e t h a l  l im i t  and i s  seldom  ex p erien ced  in  
L o u is ia n a  e s tu a r i e s .
Shrim p were a c c lim a te d  in  s ix  ta n k s . Each tan k  h e ld  one o f  th e  
two s i z e  c la s s e s  o f  shrim p in  10, 20, o r 30 ° /o o  a r t i f i c i a l  s ea w a te r . 
Shrim p were caugh t and h e ld  in  s a l i n i t i e s  ap p ro x im a tin g  20 ° /o o  S; a f t e r  
a c c lim a tio n  to  room tem p e ra tu re  (23 -26  C) in  th e  la b o ra to ry ,  shrim p were 
t r a n s f e r r e d  to  10 o r  30 ° /o o  S. The shrim p e x h ib ite d  no d i f f i c u l t i e s  
a d ju s t in g  to  a  10 ° /o o  S change a t  23-25 C. The am bient te m p e ra tu re  o f  
th e  la b o ra to ry  was low ered to  th e  c o ld e s t  t e s t  tem p e ra tu re  and su c c e s ­
s iv e ly  r a i s e d  to  th e  n ex t t e s t  tem p e ra tu re  a f t e r  oxygen consum ption or 
hemolymph d a ta  were o b ta in ed  from th e  a c c lim a te d  shrim p. Four to  f iv e  
days w ere n e c e ssa ry  to  r a i s e  th e  tem p era tu re  from 28 to  33 C; some 
shrim p d e a th s  were ex p e rien ced .
F o r th e  oxygen consum ption s tu d i e s ,  shrim p w ere t e s t e d  in  p a i r s  be 
cau se  two shrim p o f th e  s m a lle r  s i z e  were n e c e s sa ry  to  cause  a p p ro x i­
m ate ly  a  one p a r t  p e r  m il l io n  (ppm) oxygen c o n c e n tra tio n  d i f f e r e n c e  
betw een th e  p ro b es  a t  th e  t e s t e d  flo w  r a t e s .  An in v e r te d  p l a s t i c  buck­
e t  was p la c e d  over th e  chamber d u r in g  t e s t s  to  p re c lu d e  v i s u a l  d i s t u r ­
bances and to  red u ce  l i g h t .  Each o f  th e  24 tre a tm e n t co m bina tions (2  
s i z e s  x 3 s a l i n i t i e s  x 4  te m p e ra tu re s )  was r e p l i c a t e d  seven  o r  e ig h t  
tim e s , and each  t e s t  l a s t e d  two h o u rs . A cclim ated  shrim p w ere s e l e c ­
te d  co m p le te ly  a t  random f o r  each t e s t .  T h e re fo re  th e  oxygen consump­
t io n  o f a  minimum o f seven  p a i r s  o f  d i f f e r e n t  shrim p were o b ta in e d  f o r  
each  tre a tm e n t com bina tion . To a llo w  shrim p tim e to  a c c lim a te  to  th e  
t e s t  cham ber, d a ta  o b ta in e d  d u r in g  th e  f i r s t  hour were d is re g a rd e d .
D ata c o l le c te d  d u rin g  the  second hour w ere d iv id e d  in to  fo u r  15-m in 
p e r io d s  and th e  av erage  oxygen consum ption f o r  each p e rio d  was computed 
An ANOV em ploying a  s p l i t  p lo t  in  a  co m p le te ly  random ized d e s ig n  w ith  
a  2 x 3 x 4 f a c t o r i a l  a rrangem en t a s  th e  whole p lo ts  and p e rio d  a s  th e  
s u b fa c to r  was computed on th e  d a ta .  The e f f e c t s  o f th e  tre a tm e n ts  
( s i z e ,  s a l i n i t y ,  te m p e ra tu re ) , th e  p e r io d s ,  and th e  I n te r a c t io n s  on 
th e  oxygen consum ption r a t e s  were e v a lu a te d . I f  a  s i g n i f i c a n t  d i f f e r ­
ence was found , th en  o rth o g o n a l com parisons (S nedecor and Cochran 1967) 
were made to  e x p la in  more s p e c i f i c a l l y  th e  d i f f e r e n c e s  among th e  t r e a t ­
m ents, p e r io d s ,  and t h e i r  i n t e r a c t i o n s .  D ata p lo t te d  in  th e  g raphs a re  
th e  av erag e  oxygen consum ption d u rin g  th e  l a s t  o n e -h a lf  hour ( th e  t h i r d  
and f o u r th  p e r io d s )  o n ly .
Shrim p f o r  th e  o sm o reg u la tio n  s tu d ie s  were caugh t betw een 20 March 
and 20 A p r i l  1974 a t  A irp la n e  Lake. Hemolymph sam ples were c o l le c te d  
from th e  c ep h a lo th o ra x  re g io n  a f t e r  a c c l im a tio n . Shrimp were h e ld  in  a
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f le x e d ,  upeide-dow n p o s i t io n ,  such t h a t  th e  uropods were above and ad ­
ja c e n t  to  th e  a n te n n u le s . T h is p o s i t io n  exposed th e  membrane on th e  
s h r im p 's  d o r s a l  s id e  betw een th e  f i r s t  abdom inal segm ent and th e  p o s­
t e r i o r  edge o f th e  ca rap a ce . The membrane was p u n c tu red  and 0 .2  ml o f  
hemolymph was o b ta in e d  from each  6 .7 -g  shrim p? two 3 .7 -g  shrim p were 
n e c e ssa ry  to  o b ta in  0 .2  ml o f  hemolymph. The hemolymph was b le d  d i r e c t ­
l y  i n to  a  c u v e t te ,  and th e  c u v e tte  s e a le d  w ith  P a ra f ilm  to  p re v e n t evap­
o r a t io n .  The o s m o la l i ty  was m easured w ith in  1 .5  h r  by an  "O sm ette^ ."  
F iv e  sam ples were t e s t e d  f o r  each tre a tm e n t com bination  ex cep t f o r  th e  
fo llo w in g  In s ta n c e s?  6 .7 -g  shrim p a t  18 C and 10 ° /o o  S — th re e  sam­
p le s ;  3 .7 -g  shrim p a t  33 C and 10, 20 , and 30 ° /o o  S — fo u r  sam ples; 
and 6 .7 -g  shrim p a t  18 C and 28 C and 30 ° /o o  S — fo u r  sam ples. Hemo­
lymph was n o t c e n tr i fu g e d , and l i t t l e  d i f f i c u l t y  was ex p erien ced  i n  ob­
ta in in g  r e p e a ta b le  re a d in g s  w ith  th e  O sm ette.
An ANOV em ploying a  2 x 3 x 4  f a c t o r i a l  a rrangem en t in  a co m p le te ly  
random ized d e s ig n  was computed. O rthogonal com parisons were made on 
tre a tm e n t com bina tions w ith  s i g n i f i c a n t  d i f f e r e n c e s .
C o r re la t io n s  betw een hemolymph c o n c e n tra t io n  and oxygen consum ption 
d a ta  a t  co rre sp o n d in g  s i z e ,  s a l i n i t y ,  and te m p e ra tu re  com bina tions were 
made.
E cd y sis  e f f e c t s :
One 6 .7 -g  shrim p ex u v ia ted  d u r in g  th e  sco to p h ase  o f th e  d iu r n a l  
t e s t s .  The shrim p was h e ld  and r e t e s t e d  10 days l a t e r ,  presum ably  
d u rin g  th e  C -s tag e  (R assano I960) o f  th e  m olt c y c le . The shrim p was 
a c c lim a te d  to  and t e s t e d  a t  20 ° /o o  S and 25 C. The d a ta  were av erag ed
^ P re c is io n  System s, 60 Union A v e ., Sudbury, M assach u se tts  01776
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i n to  e ig h t  th r e e - h r  p e r io d s  a s  in  th e  d iu r n a l  t e s t s  and an  ANOV employ' 
in g  a  random ized b lo ck  d e s ig n  was computed. B lock ing  removed th e  d i f ­
fe re n c e  betw een th e  t e s t  d ay s.
R e su lts
D ata from in d iv id u a l  shrim p used  in  th e  s t a t i s t i c a l  a n a ly s e s  a r e  
i n  A ppendices 2 and 3. G raphs, ANOV ta b l e s ,  and mean d a ta  t a b le s  a r e  
p re se n te d  in  t h i s  S e c tio n  f o r  convenience  and b r e v i ty .  The f i r s t  fo u r  
experim en ts  o b ta in e d  in fo rm a tio n  to  e s t a b l i s h  th e  s ig n i f ic a n c e  o f v a r i ­
a b le s  which co u ld  n o t be h e ld  c o n s ta n t o r which p o s s ib ly  cou ld  a f f e c t  
a c t i v i t y  in  th e  s iz e - s a l in i ty - te m p e r a tu r e  t e s t s .
D iu rn a l e f f e c t s »
T ab le  1 p re s e n ts  2 4 -h r oxygen consum ption d a ta  av erag ed  in to  e ig h t  
th r e e - h r  p e r io d s  f o r  f iv e  P. a z te c u s . and T ab le  2 i s  an ANOV o f  th e  
d a ta .  The av erag e  oxygen consum ption r a t e  d u rin g  th e  2 4 -h r t e s t s  f o r  
in d iv id u a l  shrim p ranged  from 0 .2 0  to  0 .38  mg-g wet wt ^*hr * and was 
s i g n i f i c a n t l y  d i f f e r e n t .  However no s i g n i f i c a n t  oxygen consum ption d i f ­
fe re n c e s  were found among th e  e ig h t  th r e e - h r  p e r io d s  f o r  th e  shrim p.
L ig h t ,  r e d u c e d - l ig h t  e f f e c t s :
The mean oxygen consum ption r a t e s  d u rin g  th e  l a s t  30 min o f  th e
l ig h t- re d u c e d  l i g h t  ex p erim en ts  a r e  p re se n te d  in  th e  Appendix. T ab le
3 p re s e n ts  th e  mean oxygen consum ption r a t e s  o f shrim p t e s t e d  in  l i g h t
and in  reduced  l i g h t ,  and an ANOV o f th e  d a ta  i s  g iv en  in  T ab le  4 . The
mean oxygen consum ption r a t e s  o f  seven  shrim p te s t e d  in  l i g h t  and r e -
-1 -1duced l i g h t  was 0 .2 5  and 0 .1 7  mg 0^-g  wet. wt -h r  , r e s p e c t iv e ly ,  and 
were n o t found to  be s i g n i f i c a n t l y  d i f f e r e n t .
A c t iv i ty  e f f e c t s :
Oxygen consum ption d a ta  o f P. a z te c u s  d u r in g  r e s t  and d u r in g  a c t i v ­
i t y  axe p re se n te d  in  T ab le  5. Oxygen consum ption r a t e s  d u r in g  a c t i v i t y
20
21
T able  1. Mean d iu r n a l  oxygen consum ption r a t e  (mg 0 *g 
"1 -1w et wt • h r"  ) o f f iv e  Penaeus a z te c u s .
w eigh t (g ) o f In d iv id u a l  t e s t  shrim p
Time 6.1 7 .3 6 .3 5-9 6 .7
0630-0930 0 .18 0 .38 0 .49 0 .17 0 .2 5
0930-1230 0 .48 0 .14 0 .39 0 .18 0 .13
1230-1530 0 .32 0 .16 0.41 0 .22 0 .14
1530-1830 0 .18 0 .18 0 .26 0 .12 0 .16
1830-2130 0 .37 0.21 0 .30 0 .32 0 .25
2130-0030 0.34 0 .18 0.34 0 .23 0 .29
0030-0330 0 .32 0 .15 0.40 0 .28 0 .28
0330-0630 0 .33 0 .20 0.41 0 .28 0 .28
Mean 0^ consum ption 0 .32 0 .20 0 .38 0 .23 0 .22
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T able  2. ANOV (random ized  b lo ck  d e s ig n ) o f 
d iu r n a l  oxygen consum ption r a t e s .
Source o f v a r i a t io n d f Mean sq u a re
Shrim p b o.oim**
T reatm en t ( tim e ) 7 0.0076
E rro r 28 0.0055
** P< 0.01
T ab le  3. Mean oxygen consum ption r a t e  and s ta n d a rd  
e r r o r  o f  Penaeus a z te c u s  exposed to  l i g h t  and r e ­
duced l i g h t .
T rea tm en t n mg 0^’ g wet wt *hr S .E .
L ig h t 7 0 .25 0.092
Reduced l i g h t 7 0 .17 0.092
T ab le  4 . ANOV ( c ro s s - o v e r  d e s ig n )  o f  th e  e f f e c t s  
o f  l i g h t  and red u ced  l i g h t  on th e  mean oxygen con­
sum ption  r a t e s  o f  Penaeus a z te c u s .
S ource  o f v a r i a t io n d f Mean sq u a re
Shrimp £ 0.0091 NS
P erio d 1 0.0001 NS
T rea tm en t ( l i g h t ,  reduced  l i g h t ) 1 0.0208 NS
E rro r 5 0.0032
NS ^ n o t s ig n i f i c a n t
T ab le  5. Oxygen consum ption r a t e  o f  fo u r
6 .7 -g  Penaeus a z te c u s  d u rin g  r e s t  and fo u r
6 .7 -g  P. a z te c u s  d u rin g  a c t i v i t y .
C o n d itio n mg 0 ^ ’ g wet wt ^*hr ^
R es t 0 .14
R es t 0 .12
R es t 0 .13
R es t 0.11
A ctiv e 0 .63
A c tiv e 0.41
A ctiv e 0 .60
A ctiv e 0 .60
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( 0 .5 6  mg O^.g w et w t”^ .h r  was s i g n i f i c a n t l y  h ig h e r  th an  t h a t  d u r in g  
r e s t  (0 .1 3  mg O^’g w et wt * -h r  * ) .
Crowding e f f e c t s 1
F ig . 4 p re s e n ts  th e  oxygen consum ption r a t e s  o f  3 .7 -g  P. a z te c u s  
t e s t e d  s in g ly  and i n  p a i r s ,  and t h a t  o f  6 .7 -g  P. a z te c u s  t e s t e d  in  
g roups c o n s i s t in g  o f  one to  fo u r  in d iv id u a ls .  T ab le  6 i s  th e  ANOV o f 
th e  6 .7 -g  sh rim p ’s  oxygen consum ption r a t e s .  S ig n i f i c a n t  d i f f e r e n c e s  
were n o t found betw een oxygen consum ption r a t e s  o f  one and two 3 . 7 -g  
shrim p o r among th o se  o f one, two, th r e e ,  and fo u r  6 . 7 -g  sh rim p . Mean 
oxygen consum ption r a t e s  f o r  th e  3 .7  and 6 .7 -g  shrim p were 0 .4 5  and 0 .33  
mg 0 ^ ‘ g wet wt ^*hr r e s p e c t iv e ly .
S iz e ,  s a l i n i t y ,  and te m p e ra tu re  e f f e c t s :
Oxygen consum ption d a ta  f o r  th e  f a c t o r i a l  ex perim en t a r e  p re se n te d  
in  F ig . 5 a nd 6, and an ANOV o f th e  d a ta  a r e  g iv en  in  T able  7. T ab les  
8-11 g iv e  th e  mean oxygen consum ption f o r  th e  s a l i n i t y - s i z e ,  tem pera­
tu r e ,  s a l i n i ty - te m p e r a tu r e ,  and p e rio d  e f f e c t s ,  r e s p e c t iv e ly .
S ig n i f i c a n t  oxygen consum ption d i f f e r e n c e s  were found f o r  the  
s i z e ,  s a l i n i t y - s i z e ,  te m p e ra tu re , s a i l n i ty - te m p e r a tu r e ,  and p e rio d  
e f f e c t s  (T ab le  7 ) . The s m a lle r  shrim p consumed more oxygen (0 .4 4  mg 0^* 
g wet wt ^ .h r  *) th an  d id  th e  l a r g e r  sh rim p (0 .4 0  mg 0^g  wet wt ^«hr ^ ) ,  
b u t t h i s  e f f e c t  was co n fin ed  to  th e  20 ° /o o  S a s  shown by th e  s a l i n i t y -
s iz e  I n te r a c t io n  (F ig . 6 ; T ab les  7 , 8 ) . At 20 °/oo  S, th e  3 .7 -g  shrim p
-1 -1consumed a b o u t 0 .4 6  mg O^.g wet wt • h r , and th e  6 .7 -g  shrim p consumed 
a p p ro x im a te ly  0 .34  mg ° 2 *K wet ^*hr *. The av e rag e  oxygen consump­
t io n  r a t e  in c re a s e d  s i g n i f i c a n t ly  w ith  in c re a s in g  te m p e ra tu re ; a t  18,
23, 28, and 33 C, th e  oxygen consum ption r a t e s  were 0.29» 0.35» 0 .4 8 ,
3 .7 -g  P. a z te c u a
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T able  6. ANOV (c o m p le te ly  random ized d e s ig n ) o f 
th e  e f f e c t s  o f  crow ding on th e  mean oxygen con­
sum ption r a t e s  o f 6 .7 -g  Penaeus a z te c u s .
S ource o f v a r ia t io n d f Mean sq u are
T reatm en t (number o f  shrim p) 3 0.0112 NS
E rro r 2b 0.0069
Fi«. S
18 C 3.7-g P. aztacua
6.7-g P. aztacua0.8
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TEMPERATURE ( c )
Pig- •- Hi m  —tyg— caNSMfwpMan rata al 1.7 and 1.7-g PaagajM attacks 
vs t m g i wiMW at N, N , aM  M % e S .
T able  7. ANOV (c o m p le te ly  random ized d e s ig n )  o f  th e  
e f f e c t s  o f  s i z e ,  s a l i n i t y ,  te m p e ra tu re , and p e r io d  
on th e  mean oxygen consum ption r a t e s  o f Penaeus 
a z te c u s .
Source o f v a r i a t io n d f Mean sq u a re
S iz e 1 0 .3089 *
S a l i n i t y 2 0.0333
S a l i n i t y - s i z e 2 0.3922 **
10 ° /o o :3 .7  vs 6 .7 -g  shrim p 1 0.0554
20 ° /o o :3 « 7  vs 6 .7 -g  shrim p 1 0 .9458  **
30 ° /o o :3 .7  vs 6 .7 -g  shrim p 1 0 .0480
T em perature 3 2 .5200 **
18, 23 vs 28, 33 C 1 6.6970 **
18 vs 23 1 0.3254 *
28 vs 33 1 0.4532  *
T e m p e ra tu re -s iz e 3 0.0172
S a l in i ty - te m p e r a tu r e 6 0.2744  **
10 ° /o o : T. 1 4 .2 3 1 7  **
: T1 1 0.0100
: Tq 1 0.0583
20 ° /o o : t !t 1 1.6643 **
: T1 1 0.1327
: Tq 1 0.0133
30 ° /o o : T? 1 1.7817  *+
: T 1 0.1393
: Tq c 1 1 .0509 **
S i z e - s a l i  n i ty - te m p e ra tu re 6 0.0636
E r ro r  (a ) 161 0.0597
P erio d 3 0.0838 **
p e r i  ods 1 , 2 vs p e r i  ods 3. 4 1 0 .2024 **
p e rio d  1 vs p e r io d  2 1 0.0266 **
p e rio d  3 vs p e r io d  4 1 0.0132 **
S iz e -p e r io d 3 0.0023
S a l in i ty - p e r io d 6 0.0005
S iz e - s a l i n i ty - p e r io d 6 0.0001
T em p era tu re -p e rio d 9 0.0048
S iz e - te m p e ra tu re -p e r io d 9 0 .0019
S a l i  n i ty - te m p e ra tu re - p e r i  od 18 0.0031
S i z e - s a l i  n i ty -tem p e ra  tu r e - p e r i  od 18 0 .0007
E r ro r  (b ) 481 0.0017
* P < 0 .0 5 ; * * P < 0 .0 1
Table 8. Mean oxygen consumption rate and standard error
of Penaeus aztecus for the size-salinity interactions.
0 / /o o S iz e  (g ) n mg we^ ^ S .E .
10 3 .7 127 0.411 0 .022
10 6 .7 120 0 .442 0.022
20 3 .7 127 0 .465 0.022
20 6 .7 116 0 .338 0 .023
30 3 .7 124 0 .436 0 .022
30 6 .7 124 0 .408 0 .022
Table 9. Mean oxygen consumption rate and
standard error of Penaeus aztecus at each
te m p e ra tu re .
T (C) n mg ^2 ’  ̂ we  ̂ w+  ̂ ^.E.
18 187 0 .293  0 .018
23 184 0 .352  0 .018
28 183 0 .479  0 .018
33 184 0 .549  0 .018
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T ab le  10. Mean oxygen consum ption r a t e  and s ta n d a rd  e r r o r  
o f Penaeus a z te c u s  f o r  th e  s a l in i ty - te m p e r a tu r e  i n t e r ­
a c t io n s .
'oo S T (C) n mg 0 / /g  wet  w+- ^*hr ^ S .E .
10 18 6k 0.250 0.031
10 23 60 0.382 0.032
10 28 59 0.458 0.032
10 33 6k 0 .615 0.032
20 18 59 0.313 0.032
20 23 60 0.35^ 0.032
20 28 6k 0.408 0.031
20 33 60 0.541 0.032
30 18 6k 0.317 0.031
30 23 6k 0.324 0.031
30 28 60 0.575 0.032
30 33 60 0 .487 0 .032
Table 11. Mean oxygen consumption rate and standard
error of Penaeus aztecus during each period.
15-m inu te  p e r io d n -1 -1mg we^ w"̂ S .E .
f i r s t 184 0.443 0 .003
second 184 0 .426 0 .003
th i r d 186 0 .407 0 .003
f  o u rth 184 0 .395 0 .003
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and 0 .5 5  mg we^ r e s p e c t iv e ly .
To d e te rm in e  how in c r e a s in g  te m p e ra tu re  a f f e c t e d  oxygen consum ption 
r a t e s  a t  each s a l i n i t y ,  th e  d a ta  were t e s t e d  f o r  s i g n i f i c a n t  l i n e a r ,  
q u a d r a t ic ,  and cu b ic  re s p o n se s . A s i g n i f i c a n t  l i n e a r  re sp o n se  would 
in d ic a te  t h a t  oxygen consum ption r a t e s  in c re a s e d  c o n tin u o u s ly  a s  tem­
p e r a tu r e  in c re a s e d ;  a  q u a d ra t ic  re sp o n se  would i n d ic a te  t h a t  th e  oxy­
gen consum ption r a t e s  in c re a s e d  to  a  maximum w ith  a  su b seq u en t d e c re a se  
a s  te m p e ra tu re  in c re a s e d ;  and a  cu b ic  re sp o n se  would in d ic a te  t h a t  oxy­
gen consum ption r a t e s  i n i t i a l l y  in c re a s e d  r a p id ly  and th en  th e  r a t e  o f 
in c re a s e  was red u ced  a s  te m p e ra tu re  in c re a s e d . S ig n i f i c a n t  l i n e a r  r e ­
sp onses were found a t  10 and 20 ° /o o  S , and a s i g n i f i c a n t  l i n e a r  and 
c u b ic  re sp o n se  was found a t  30 ° /o o  S (T ab le s  ? , 1 0 ). The d a ta  a r e  
p lo t te d  in  F ig . 7.
The av erag e  oxygen consum ption r a t e s  d e c rea se d  s i g n i f i c a n t l y
d u r in g  each su b seq u en t 15-m in p e rio d  o f  th e  second hour o f  t e s t i n g .
The r a t e s  d u r in g  th e  f i r s t ,  second , t h i r d ,  and f o u r th  15-m in p e rio d  were
- 1  " I
0 .4 4 , 0 .4 3 , 0 .4 1 , and 0 .4 0  mg we^ ,h r  » r e s p e c t iv e ly  (T ab le s  
7 . 1 1 ).
Hemolymph o s m o la li ty  d a ta  a r e  p re se n te d  In  F ig . 8 and 9 , and an 
ANOV of th e  d a ta  i s  p re se n te d  in  T ab le  12. T ab les  13-1? g iv e  th e  mean 
m illio sm o le s  (mOsm) f o r  th e  hemolymph w ith  r e s p e c t  to  th e  s i z e ,  s a l i n ­
i t y ,  s a l i n i t y - s i z e ,  te m p e ra tu re - s iz e ,  and s a l in i ty - te m p e r a tu r e  i n t e r ­
a c t io n s ,  r e s p e c t iv e ly .  S ig n i f i c a n t  hemolymph o s m o la li ty  d i f f e r e n c e s  
were found f o r  th e  s i z e ,  s a l i n i t y ,  s a l i n i t y - s i z e ,  te m p e ra tu re - s iz e ,  and 
s a l in i ty - te m p e r a tu r e  e f f e c t s .
The 3 .7 -g  s h r im p 's  hemolymph o s m o la li ty  (703 mOsm) was found to  be 
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TEMPERATURE (c)
F(«- »• M nd hsmofym»M >n»ol«Hty(iwOwi) of S.7 and  * 7-* N m w i  M fw w  
vs tom y r s t y f  at I t ,  St. mn! SI % o t .
T ab le  12. AN0V (c o m p le te ly  random ized d ea lg n ) o f 
th e  e f f e c t s  o f  s i z e ,  s a l i n i t y ,  and te m p e ra tu re  on 
th e  o s m o la li ty  o f  Penaeus a z te c u s  * hemolymph.
S ource  o f  v a r i a t io n d f Mean sq u a re
S iz e 1 9 3*0 *
S a l i n i t y 2 231 198 **
10, 20 vs 30 /o o 1 332 414 **
10 vs 20 ° /o o 1 121 516 **
S a l l n l t y - s l z e 2 5 836 *
10 ° /o o i3 .7  vs 6 . 7 -g  shrim p 1 4  076
20 ° / o ° i 3 .7  vs 6 . 7 -g  shrim p 1 6 24
30 ° /o o i3 » 7  v s  6 .7 -g  shrim p 1 16 781 **
T em perature 3 2 73^
T e m p e ra tu re -s lze 3 U 899 *
18 C i3 .7  vs 6 .7 -g  shrim p 1 UU7
23 C i3 .7  vs 6 .7 -g  shrim p 1 367
28 C i3 .7  vs 6 .7 -g  shrim p 1 4  136
33 C i3 .7  vs 6 .7 -g  shrim p 1 20 449 **
S a i ln i  ty - te m p e ra tu re 6 5 597
10 ° / 001 T.. 1 8 959 *
i T1 1 231
i T*1 1 3 110
20 ° / 001 T° 1 12
1 T1 1 1 523
n ' ^ 1 12
30 ° /° °» 1 23 623 **
■ ^ 1 2 3681 Tqc 1 1 065
S I z e - s a l ln l ty - te m p e r a tu r e 6 2 061
E r ro r  (a ) 89 1 231
* P < 0 .0 5 ? * * P < 0 .0 1
Table 13. Mean hemolymph osmolality and standard error of
Penaeus aztecus In relation to size and acclimation water.
S iz e  (g ) n Hemolymph (mOsm) S .E . A cc lim atio n  (mOsm)
3 .7  56







T ab le  14. Mean hemolymph o s m o la l i ty  and s ta n d a rd  e r r o r  o f 
Penaeus a z te c u s  I n  r e l a t i o n  to  s a l i n i t y  and a c c lim a tio n  
w a te r .
S ° /o o  n Hemolymph (mOsm) S .E . A cc lim a tio n  (mOsm)
10 37 616 5 .8  310
20 39 696 5 .6  590
30 37 774 5 .8  886
*5
T ab le  15. Mean hemolymph o s m o la l i ty  and s ta n d a rd  e r r o r  o f  Penaeus 
a z te c u s  In  r e l a t i o n  to  s a l i n i t y ,  s i z e ,  and a c c l im a tio n  w a te r .
s  ° / ° ° S iz e  (g ) n Hemolymph (mOsm) S .E . A cc lim a tio n  (mOsm)
10 3 .7 19 626 8 .1 325
10 6 .7 18 60^ 8 .3 295
20 3 .7 19 692 8 .1 60k
20 6 .7 20 700 7 .8 576
30 3 .7 18 796 8 .3 889
30 6 .7 19 753 8 .1 882
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T ab le  16. Mean hemolymph o s m o la l i ty  and s ta n d a rd  e r r o r  o f  Penaeus 
a z te c u s  In  r e l a t i o n  to  te m p e ra tu re , s i z e ,  and a c c lim a tio n  w a te r .
T (C) S iz e  (g ) n Hemolymph (mOsm) S .E . A cc lim a tio n  (mOsm)
18 3 .7 14 698 9.k 610
18 6 .7 13 706 9 .7 597
23 3 .7 15 679 9 .1 586
23 6 .7 15 686 9 .1 558
28 3 .7 15 706 9 .1 631
28 6 .7 lk 683 9 .4 598
33 3 .7 12 734 10.1 597
33 6 .7 15 678 9 .1 585
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T ab le  17. Mean hemolymph o s m o la l i ty  and s ta n d a rd  e r r o r  o f  Penaeus 
a z te c u s  in  r e l a t i o n  to  s a l i n i t y ,  te m p e ra tu re , and a c c lim a tio n  
w a te r .
S ° /o o  T (C) n Hemolymph (mOsm) S .E . A cc lim atio n  (mOsm)
10 18 8 ^ 5 12 .4 312
10 23 10 609 11.1 292
10 28 10 619 11.1 327
10 33 9 593 11 .7 309
20 18 10 703 11.1 615
20 23 10 691 11.1 555
20 28 10 689 11.1 597
20 33 9 702 U .7 592
30 18 9 751 11 .7 884
30 23 10 748 11.1 868
30 28 9 785 1 1 .7 919
30 33 9 814 11 .7 871
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co n fin ed  to  th e  JO ° /o o  S a s  shown by th e  s a l i n l t y - s i z e  i n t e r a c t io n s  
(T ab le s  12, 1 5 ). A t 30 ° / ° °  S , th e  hemolymph o s m o la l i ty  o f  th e  3 .7  and 
6 .? -g  shrim p was 796 and 753 mOsm, r e s p e c t iv e ly .  The s h r im p 's  av erag e  
hemolymph o s m o la li ty  in c re a s e d  w ith  each a c c lim a tio n  s a l i n i t y  in c re a s e  
(T ab le s  12, 1 4 ). A t 10, 20, and 30 ° /o o  S , th e  av e rag e  hemolymph osmo­
l a l i t y  was 616, 696 , and 774 mOsm, r e s p e c t iv e ly .  The hemolymph osmo­
l a l i t y  o f  th e  3*7 -g  shrim p (734 mOsm) was found to  be g r e a te r  th a n  th a t  
o f  th e  6 .7 -g  shrim p (687  mOsm) a t  33 C (T ab le s  12, 1 6 ). At each  s a l i n ­
i t y ,  th e  e f f e c t s  o f  in c re a s in g  te m p e ra tu re  on th e  sh rim ps hemolymph 
o s m o la li ty  were t e s t e d .  S ig n i f ic a n t  l i n e a r  re sp o n se s  were o b ta in e d  
a t  10 and 30 ° /o o  S (T ab le s  12, 17; P ig . 1 0 ). S ig n i f ic a n t  c o r r e la t io n s  
were n o t found betw een hemolymph o s m o la li ty  and oxygen consum ption 
r a t e s .
E cd y sis  e f f e c t s :
D ata a r e  g iv en  in  F ig . 11 and an ANOV i s  p re se n te d  in  T ab le  18.
T ab les  19 and 20 g iv e  th e  mean oxygen consum ption r a t e s  betw een th e  
e x u v ia t in g  and n o n -e x u v ia tin g  shrim p and t h a t  f o r  th e  e ig h t  th r e e - h r  
p e r io d s ,  r e s p e c t iv e ly .  The mean oxygen consum ption r a t e  (O.3 6  mg 0^* 
g wet wt ^ .h r  *) o f  an e x u v ia t in g  shrim p was s i g n i f i c a n t l y  g r e a te r  th an  
th a t  (0 .2 2  mg O g'g w et wt * .h r - *) o f th e  shrim p 10 days fo llo w in g  ecdy­
s i s .  The av erag e  oxygen consum ption r a t e  d u rin g  th e  sco to p h a se  (1830- 
0630) was 0 .35  rag ^2 *^ Me*' w+' ^*^l r   ̂ an(* s i g n i f i c a n t l y  g r e a te r  th an  
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T ab le  18. ANOV (random ized  b lo c k  d e s ig n )  o f  th e  
mean oxygen consum ption r a t e  o f  one Penaeus a z te c u s  
f o r  2** h r  d u r in g  which e c d y s is  o c cu rred  and 10 days 
a f t e r  e c d y s is .
S ource  o f  v a r i a t io n d f Mean sq u are
Day 1 0 .0716  **
Time
0630-1830 vs 1830-0630 
0630-0930 vs 1530-1830  
0930-1230 vs 1230-1530 








0 .0097  * 





E r ro r 7 0.0011
* P < 0 .0 5 ;  * * P < 0 .0 1
T ab le  19. Mean oxygen consum ption r a t e  and 
s ta n d a rd  e r r o r  o f  Penaeus a z te c u s  f o r  2k hours 
f o r  each  day  t e s t e d .
Day n mg we^ S .E .
D uring  e c d y s is  8 





Table 20. Mean oxygen consumption rate and standard
error of exuviating and non-exuviating Penaeus
aztecus during the eight three-hr periods.
Time n mg 0g*g wet wt **hr~^ S .E .
0630-0930 2 0 .285 0 .02*
0930-1230 2 0 .215 0 .024
1230-1530 2 0 .190 0 .024
1530-1830 2 0 .230 0 .024
1830-2130 2 0 .360 0 .024
2130-0030 2 0 .360 0.024
0030-0330 2 0 .350 0.024
0330-0630 2 0 .325 0 .024
Discussion
Sources of variability
Many c o m p lic a tin g  f a c to r s  must be c o n s id e re d  in  a tte m p tin g  to  ob­
t a i n  th e  s ta n d a rd  m etabolism  o f p en ae id  shrim p. C irc a d ia n  rhy thm s, 
s ta g e  o f  th e  m olt c y c le , and lu n a r  phases a l l  co m p lica te  th e  i d e a l  o f  
t e s t i n g  un ifo rm  s u b je c ts  a t  un ifo rm  c o n d it io n s . In  a d d i t io n  th e  e f f e c t s  
o f  sp o n taneous a c t i v i t y  may o f te n  mask any d i f f e r e n c e s  o f  m etabolism  due 
to  th e  e f f e c t s  o f  o sm o reg u la tio n , s i z e ,  te m p e ra tu re , e tc .  I n  th e  p re ­
s e n t  s tu d y , a tte m p ts  to  e l im in a te  m o lt- s ta g e  d i f f e r e n c e s  were made by 
t e s t i n g  a  minimum o f seven  p a i r s  o f shrim p. Because in te g u m e n ta l chan­
ges occur a t  l e a s t  70JG o f th e  tim e betw een s u c c e s s iv e  m o lts  f o r  decapods 
(ifessano  i9 6 0 ) ,  th e  t e s t i n g  o f  o n ly  in te r m o l t ,  a c c lim a te d  an im a ls  would 
have been n e a r ly  im p o ss ib le . However most o f th e  shrim p t e s t e d  sh o u ld  
have been  in  a  s ta g e  o th e r  th an  im m ediate p re m o lt, and newly m olted 
shrim p were n o t t e s t e d .  T h e re fo re  i t  i s  assumed th a t  most o f  th e  t e s t  
a n im a ls  were a t  a  m olt s ta g e  which a f f e c te d  th e  t o t a l  oxygen consum ption 
r e l a t i v e l y  l i t t l e .
Although no significant oxygen consumption differences were found 
when the 2^-hr cycle was divided into eight three-hr periods (Tables 1, 
2), efforts were made to test equal numbers of shrimp in the morning 
and afternoon at each treatment combination to preclude possible circa­
dian effects. Evidence exist which suggests that shrimp a r e  influenced 
by lunar cycles (Aaron and Wisby 196^, Hughes 1972, Racek 1959* Wheeler 
l937i Wickham I 967) ,  but in the present studies, I assumed that lunar 
influences (if any) on the oxygen consumption would be below measurement 
o r  wanting in the absence of tidal rhythms.
5^
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B ecause o f  th e  la c k  o f  s ta n d a rd iz e d  te c h n iq u e s  in  o b ta in in g  r o u t in e  
oxygen consum ption o f  p o lk ilo th e rm s , many o f  th e  p re v io u s  s tu d ie s  on th e  
oxygen consum ption o f p en ae ld  shrim p a r e  o f  l im i te d  u s e fu ln e s s .  I f  a  
c lo se d  system  i s  u sed  to  m easure oxygen consum ption , th en  th e  t e s t  a n i ­
mal i s  exposed to  d e c re a s in g  am bien t oxygen c o n c e n tra tio n s  which may i n ­
f lu e n c e  th e  t e s t  a n im a l 's  oxygen consum ption r a t e .  D ecreasin g  am bient 
oxygen c o n c e n tra t io n s  co m p lica te  a sse ssm en t o f  t r u e  tre a tm e n t e f f e c t s  
on th e  e x p e r im en ta l an im a l. D ata from  ex p erim en ts  i n  which th e  an im als  
were n o t a c c lim a te d  to  th e  t e s t  s a l in i ty - te m p e r a tu r e  com bina tions o r  to  
th e  t e s t  chamber (K ader 1962; K u tty  e t  a l .  1971; Rao 1958? V enkataram iah 
e t  a l .  197*0 can n o t be i n t e r p r e te d  a c c u r a te ly  b ecause  th e  so u rc e  o f  v a r ­
i a t i o n  i s  unknown, i . e . ,  were th e  t re a tm e n ts  r e s p o n s ib le  f o r  th e  ob­
se rv e d  d i f f e r e n c e s ,  th e  t e s t  p ro c e d u re , o r  b o th ?  A cute s a l in i ty - te m p e r ­
a tu r e  changes may r e s u l t  in  In c re a s e d  a c t i v i t y  (u n le s s  th e  changes a r e  
d r a s t i c  and r e s u l t  i n  shock o r d e a th )  and , in  tu r n ,  in c re a s e d  oxygen con­
sum ption  r a t e s .  T h e re fo re , u n le s s  th e  e f f e c t s  o f  changing  s a l i n i t y  o r 
chang ing  te m p e ra tu re  o r  b o th  on th e  s h r im p 's  oxygen consum ption r a t e s  
a r e  b e in g  in v e s t ig a te d ,  th e  t e s t  an im a ls  shou ld  be a c c lim a te d  to  th e  
t e s t  s a l i n i t y  and te m p e ra tu re  a s  w e ll a s  th e  t e s t  chamber b e fo re  d a ta  
a r e  c o l le c te d .  O ften  in v e s t ig a to r s  f a i l  to  r e p o r t  p e r t in e n t  c irc u m stan ­
c es  r e l a t i n g  to  a c c l im a tio n  tim e and (o r )  t e s t  c o n d itio n s  (S te e d  and 
Copeland 1967; Subrahmanyam 1962; V eerasinghe  and Arudpragasam 1967; 
Z e in -E ld in  and Kllma I 965) .  The f a i l u r e  to  in c lu d e  some o f  th e  t e s t  
c o n d itio n s  and a c c lim a tio n  h i s to r y  o f  th e  t e s t  an im a ls  when r e p o r t in g  
oxygen oonsum ptlon d a ta  l i m i t s  th e  u se  to  t h a t  d a ta  f o r  com parison . In  
a d d i t io n  to  th e  poor p ro ced u res  used  in  o b ta in in g  oxygen consum ption 
d a ta ,  th e  p o s s i b i l i t y  o f  th e  s h r im p 's  a c t i v i t y  b e in g  h ig h e r  th an  
"minimum" i s  alw ays p re s e n t .
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In  ray s tu d i e s ,  th e  s h r im p 's  a c t i v i t y  was m inim ized by s e v e ra l  meth­
ods. F i r s t ,  th e  t e s t  an im als  were a c c lim a te d  to  th e  t e s t  s a l i n i t y -  
te m p e ra tu re  com bina tions f o r  a t  l e a s t  a  week p r io r  to  t e s t i n g .  Second, 
th e  sh rim p  were a llow ed  to  a c c lim a te  to  th e  t e s t  chamber f o r  an  hour be­
fo r e  d a ta  were c o l le c te d .  And t h i r d ,  an in v e r te d  p l a s t i c  b u ck e t was 
p laced  o v e r th e  t e s t  chamber to  red u ce  th e  l i g h t  and to  p re v e n t d i s t u r ­
bances from  human a c t i v i t y  in  th e  la b o ra to ry .
R educing th e  l i g h t  to  th e  t e s t  chamber reduced  th e  mean oxygen con­
sum ption (O .l?  vs 0 .2 5  mg O2 ’ ® we^ a lth o u g h  th e  e f f e c t  was
n o t s t a t i s t i c a l l y  s i g n i f i c a n t  (T ab le  4 ) .  The hour a c c lim a tio n  p r io r  to  
ta k in g  d a ta  was n o t enough tim e to  a llo w  th e  shrim p to  a d ju s t  to  th e  
t e s t  chamber b ecause  th e  oxygen consum ption r a t e  f o r  each 15-mln p e rio d  
co n tin u ed  to  d e c l in e  th ro u g h o u t each t e s t  (T ab le s  6 , 1 1 ). T h e re fo re  th e  
av erag e  oxygen consum ption d a ta  f o r  th e  tre a tm e n t com binations in  T ab les 
7-11 a r e  s l i g h t l y  h ig h e r  th an  would be expec ted  f o r  shrim p co m p le te ly  
a c c lim a te d  to  th e  t e s t  chamber. Egusa ( I 96I )  found th a t  th e  oxygen con­
sum ption r a t e  o f  Penaeus ja p o n lc u s  s t a b i l i z e d  a f t e r  a p p ro x im a te ly  th re e  
h o u rs . However because  no s i g n i f i c a n t  d i f f e r e n c e s  w ere found among any 
o f th e  p e r io d  in te r a c t io n s  (T ab le  7 ) ,  th e  e f f e c t s  o f  s i z e ,  s a l i n i t y ,  and 
te m p e ra tu re  a r e  in d ep en d en t o f  th e  p e r io d  e f f e c t s .
Oxygen co n fo rm atio n  vs oxygen r e g u la t io n
C o n f l ic t in g  d a ta  e x i s t  f o r  c l a s s i f y in g  th e  N a ta n tia  a s  e i t h e r  oxy­
gen conform ers o r oxygen r e g u la to r s  (P ro s s e r  1973). G o palak rlshnan  
(1957) p re s e n ts  d a ta  showing a  5 .7 -g  H etapenaeus monoceros to  be an oxy­
gen r e g u la to r  above am bient oxygen c o n c e n tra tio n s  o f  6356 s a tu r a t i o n ,  and 
Kader (1962) found th a t  0 .5 2 -g  M. monoceros a t  29 C and 10, 30, and 40
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° /o o  S e x h ib i te d  d e g re e s  o f  conform ancy below  4 .6 ,  4 .0 ,  and 3*8 PP® oxy­
gen ( 6#  s a tu r a t i o n ) ,  r e s p e c t iv e ly .  Subrahmanyam (1962) found 0 .6 -1 0  g 
Penaeus ln d lc u s  to  be oxygen conform era a t  oxygen c o n c e n tra t io n s  o f  
11336 s a tu r a t i o n  a t  28 C and 1 4 .5  ° / ° °  s * In  a n o th e r  s tu d y  w ith  10-15 g 
P. ln d lc u s . oxygen co n fo rm atio n  and r e g u la t io n  was shown to  depend upon 
th e  s h r im p 's  m e ta b o lic  r a t e  (K u tty  1969). T hat i s ,  f o r  a c t i v e  metab­
o lism , th e  s h r im p 's  oxygen consum ption was dependen t upon am bien t oxy­
gen. The s ta n d a rd  m etabolism  was in d ep en d en t o f  am bien t oxygen concen­
t r a t i o n s  to  a  c r i t i c a l  l e v e l  o f  a p p ro x im a te ly  1 .5  PP® a t  30 C and 36 
°/oo S (236 s a tu r a t i o n ) .  S im ila r  r e s u l t s  were o b ta in e d  by Egusa (1961) 
f o r  P. ja p o n lc u s  t e s t e d  a t  22 C and 28 ° /o o  S. Egusa ( I 96 I ) found 
a c t i v e  m etabolism  to  be d ependen t upon am bien t oxygen c o n c e n tra t io n s ,  
b u t th e  s ta n d a rd  m etabolism  was in d ep en d en t o f  oxygen c o n c e n tra t io n s  
above 2 ppm (a b o u t 2(ff> s a tu r a t i o n ) .  S m a lle r  P. ja p o n lc u s  were found to  
have a  h ig h e r  c r i t i c a l  l e v e l  o f  oxygen c o n c e n tra t io n  p e r u n i t  w e ig h t 
th a n  th e  l a r g e r  sh rim p . T h e re fo re  i t  a p p ea rs  t h a t  a t  r e s t  a t  oxygen 
c o n c e n tra t io n s  above 2 ppm, shrim p a r e  oxygen r e g u la to r s ,  and d u rin g  
a c t i v i t y ,  oxygen con fo rm ers. Thus d u r in g  r o u t in e  m etabo lism , shrim p 
may v a ry  betw een oxygen co n fo rm a tio n  and r e g u la t io n .  P ig . 12 i s  an 
id e a l iz e d  g raph  d e p ic t in g  oxygen consum ption o f  a  shrim p a t  r e s t  and 
d u rin g  a c t i v i t y ,  a s  am bien t oxygen in c r e a s e s .
B ecause th e  sh rim p s ' oxygen consum ption d u r in g  a c t i v i t y  depends 
upon th e  m agnitude o f  th e  a c t i v i t y  and th e  oxygen c o n te n t o f  th e  w a te r , 
th e  r a t i o  betw een th e  oxygen consum ption r a t e  d u r in g  a c t i v i t y  to  t h a t  
d u r in g  r e s t  v a r i e s .  In  my t e s t s ,  a t  am bien t oxygen c o n c e n tra t io n s  o f  
7 .4  ppm, th e  a v e rag e  oxygen consum ption r a t e s  o f  P. a z te c u s  d u r in g  r e s t  
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(T ab le  5 ) . I  c a lc u la te d  a  f a c to r  o f  2 .6  from  K u t ty 's  (1969) d a ta  f o r  
10-15 g P. ln d lc u s  a t  5 PP® am bien t oxygen c o n c e n tra t io n , and a  f a c to r  
o f  3 .3  from  E g u sa 's  (1961) d a ta  f o r  a  5 .^ - g  P. ja p o n lc u s  a t  ca . 5 .9  ppm 
am bien t oxygen c o n c e n tra t io n . I v le v  (1963) m easured th e  oxygen consump­
t io n  o f th e  r e s t i n g  and a c t iv e  " g e n t le ,  un ifo rm  swimming ( 6.k cm se c  *) 
by th e  a id  o f  th e  p leopods" s t a t e s  o f  0 . 1- 2 .5  g L eander a d sp e ru s  a t  
20 C. H is d a ta  show a c t i v e  oxygen consum ption r a t e s  to  be from 1 .9  to  
3 .0  tim es g r e a te r  th an  t h a t  d u r in g  r e s t ,  most r a t i o s  b e in g  n e a r 2 . 5 .
The d i f f e r e n t  v a lu e s  o f  oxygen consum ption d u r in g  a c t i v i t y  d iv id e d  by 
th o se  d u r in g  r e s t  may be a  r e f l e c t i o n  o f  th e  s p e c ie s ,  th e  e x te n t  o f  th e  
a c t i v i t y ,  th e  oxygen c o n c e n tra t io n  d u r in g  t e s t s ,  o r  a  com bination  o f 
th e s e  re a s o n s .
Broom (1971) found t h a t  P. a z te c u s . P. duorarum . and P. s e t l f e r u s  
can w ith s ta n d  oxygen c o n c e n tra t io n s  a s  low a s  2 ppm, b u t a t  t h i s  con­
c e n t r a t i o n ,  a l l  show s ig n s  o f  s t r e s s .  At o r  n e a r th e  c r i t i c a l  oxygen 
c o n c e n tr a t io n ,  shrim p in c r e a s e  t h e i r  a c t i v i t y  (Egusa 19615 H uddart and 
A rth u r  1971), a p p a re n t ly  see k in g  more fa v o ra b le  oxygen c o n c e n tra t io n s  
( s e e  HSglund 1961; May 1973).
B ecause shrim p may be b o th  oxygen conform ers and r e g u la to r s ,  
crow ding cou ld  p ro fo u n d ly  in f lu e n c e  t h e i r  oxygen consum ption by i n f l u ­
en c in g  th e  e x te n t  o f  a c t i v i t y .  However, I  found no s i g n i f i c a n t  oxygen 
consum ption r a t e  d i f f e r e n c e s  betw een one and two 3 .7 -g  P. a z te c u s  o r 
among one, two, th r e e ,  o r  fo u r  6 . 7 -g  P. a z te c u s  when compared on a  p e r 
gram w eigh t b a s is  (P ig . 4 ,  T ab le  6) and b e l ie v e  t h a t  crow ding d id  n o t 
a p p re c ia b ly  a f f e c t  oxygen consum ption r a t e s .
E cd y sis  e f f e c t s  on oxygen consum ption
The c r u s ta c e a n 's  p e r io d ic  shedd ing  o f  i t s  e x o sk e le to n  (e c d y s is )
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r e s u l t s  in  a  d is c o n tin u o u s  grow th r a t e ,  and many c y c l ic  p h y s io lo g ic a l  
changes sure a s s o c ia te d  w ith  e c d y s is  (B arlow  and Ridgeway 1969; Passano 
I960 ; R o b ertso n  I960 ; T e lfo rd  1968; T ra v is  1955)* E x u v ia tio n  i s  an  
a c t i v e  p ro c e ss  (E ld re d  1958) and oxygen consum ption would be ex p ec ted  
to  in c re a s e  d u r in g  e o d y s is  becau se  o f th e  sunount o f  a c t i v i t y  and phys­
i o lo g ic a l  changes. B l i s s  (1953) found an  e x u v ia t in g  and e y e s ta lk le s s  
c ra b , G ecarc ln u s  l a t e r a l i s , to  consume 2 .4  to  2 .8  tim es more oxygen th an  
norm al c ra b s ; and th e  c r a y f i s h ,  Cambarus lmmunls. consumed tw ice  a s  much 
oxygen fo u r  days a f t e r  e y e s ta lk  e x t i r p a t io n  th an  c o n tro l  c r a y f is h  (S cud­
amore 1947). I  found th e  a v e rag e  oxygen consum ption r a t e  o f  P. a z te c u s  
d u r in g  th e  24 h r in  which e c d y s is  o c cu rred  to  be 1 .6  tim es t h a t  (0 .2 2  
mg O g'g w et w t”* .h r ”*) 10 days fo llo w in g  e c d y s is  (T ab le  1 9 ). The peak 
av e rag e  oxygen consum ption r a t e  d u r in g  e c d y s is  was 0 .48  mg 0^'g wet wt * 
h r ”* and o ccu rred  j u s t  a f t e r  th e  sco to p h a se  began (P ig . 1 1 ). S i g n i f i ­
c a n t  oxygen consum ption r a t e  d i f f e r e n c e s  were found between th e  p h o to ­
phase and sco to p h a se  (F ig . 11; T ab les  18, 2 0 ) , b u t t h i s  may be due to  
e c d y s is  o c c u r r in g  d u r in g  th e  sc o to p h a se . No s i g n i f i c a n t  d i f f e r e n c e s  
w ere found betw een th e  pho tophase  and sco to p h ase  oxygen consum ption 
r a t e s  o f  n o n -m o ltin g  shrim p (T ab le  2 ) .
S iz e ,  s a l i n i t y ,  te m p e ra tu re  e f f e c t s  on oxygen consum ption
The e f f e c t s  o f  s i z e ,  s a l i n i t y ,  and te m p e ra tu re  on th e  s h r im p 's  
oxygen consum ption r a t e s  and o sm o reg u la tio n  su g g e s t t h a t  th e  brown 
shrim p i s  w e ll ad ap ted  f o r  i t s  complex l i f e  c y c le  in  e s tu a r ln e  w a te rs .
The oxygen consum ption r a t e s  o f  shrim p te s t e d  in  10, 20, and 30 ° /o o  S
were n o t found to  d i f f e r  s i g n i f i c a n t l y  (T ab le  7 ) . The av e rag e  oxygen 
consum ption r a t e s  o f  th e  3 . 7 -g  shrim p in  10, 20, and 30 ° / ° °  s  d u r in g
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th e  l a s t  15-min t e s t  p e r io d  were 0 .3 9 , 0 .4 4 , and 0 .41  mg wet wt 
h r~ ^ , r e s p e c t iv e ly .  S im i la r ly ,  th o se  f o r  6 .7 -g  shrim p were 0 .4 2 , 0 .3 2 , 
and 0 .3 9  ng 0^*g w et w t”** h r”^ . Thus, th e  av erag e  oxygen consum ption 
r a t e  f o r  b o th  s i z e s  o v e r a l l  s a l i n i t i e s  was a b o u t 0 .4  mg O ^'g wet wt
Oxygen consum ption would be ex p ec ted  to  In c re a s e  f o r  osm oregula- 
t o r s  a s  th e  osm otic  d i f f e r e n c e  betw een th e  s h r im p 's  hemolymph and i t s  
environm ent in c re a s e s  becau se  a  h ig h e r  energy  demand would be n e c e ssa ry  
to  m a in ta in  a  c o n s ta n t  hemolymph c o n c e n tra t io n . A p p aren tly  energy  ex­
p e n d itu re  f o r  o sm o reg u la tio n  i s  s p e c ie s  s p e c i f i c  and i s  r e l a t e d  to  tem­
p e ra tu re  a s  w e ll a s  o th e r  f a c to r s  ( s e e  rev iew s by Klnne 1964, 1966, 
1967). As an organism  a d a p ts  to  a  new s a l i n i t y ,  i t s  r e s p i r a to r y  r a t e  
app ro ach es  t h a t  o f  i t s  c o n t r o l ,  and th e  changes from  i t s  norm al oxygen 
consum ption d u r in g  i n i t i a l  s a l i n i t y  a c c lim a tio n  may r e f l e c t  th e  o rgan ­
ism s in h e re n t  a b i l i t y  to  o sm oregu la te  (K hlebovich  1969). N orm ally, 
oxygen consum ption o f  e u ry h a lin e  o s a o re g u la t in g  c ru s ta c e a n s  i s  h ig h e r  
in  d i l u t e  media th an  in  f u l l  s t r e n g th  seaw a te r (P ro s s e r  1973) because  
in  h y p o ton ic  m edia, a d d i t io n a l  energy  i s  needed f o r  b o th  a b s o rp tio n  o f 
io n s  and th e  p ro d u c tio n  o f d i l u t e  u r in e .
There e x i s t s  c o n f l i c t in g  ev id en ce  a s  to  w hether im p o rtan t energy  
e x p e n d itu re s  a re  n e c e s sa ry  to  m a in ta in  hom oiosm otic hemolymph (D ehnel 
i960} L o f ts  1956; Rao 1958 j Schwabe 1933). Hemolymph o s m o la l i t ie s  o f 
P. a z te c u s  were s i g n i f i c a n t l y  a f f e c te d  by s a l i n i t y  (T ab le s  12, 1 4 ) , b u t 
th e  energy  e x p e n d itu re s  f o r  o sm o reg u la tio n  a f t e r  a c c lim a tio n  a re  a p p a r­
e n t ly  sm all i n  r e l a t i o n  to  t o t a l  oxygen consum ption. O ther s tu d ie s  on 
shrim p show t h a t  s a l i n i t y  does n o t have pronounced e f f e c t s  on oxygen 
consum ption i f  th e  ex p e rim en ta l an im a ls  axe a c c lim a te d  to  th e  t e s t
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s a l i n i t i e s  and i f  th e  t e s t  s a l i n i t i e s  a re  no t too extrem e (K utty  e t  a l .  
1971? L o fts  1956; Rao 1958).
A n o ta b le  e x c e p tio n  i s  th e  work o f V enkataram iah e t  a l .  (197*0» who 
m easured th e  oxygen consum ption o f  P. a z te c u s  a t  th re e  te m p e ra tu re s  and 
fo u r  s a l i n i t i e s  and o b ta in e d  s i g n i f i c a n t  oxygen consum ption d i f f e r e n c e s  
a t  each  te m p e ra tu re  w ith  in c re a s in g  s a l i n i t y .  However, c o n s is te n t  oxy­
gen consum ption r a t e  re sp o n se s  to  s a l i n i t y  a t  each te m p e ra tu re  were n o t 
o b ta in e d . At 21 C, oxygen consum ption d ec rea sed  w ith  in c re a s in g  s a l i n ­
i t y ,  b u t a t  26 and 31 C, oxygen consum ption in c re a s e d  w ith  in c re a s in g  
s a l i n i t y .  In  view o f o th e r  e x i s t in g  d a ta  and th e  r e s u l t s  o f my i n v e s t i ­
g a t io n s ,  i t  i s  d o u b tfu l t h a t  s a l i n i t y  i s  re s p o n s ib le  f o r  t h e i r  in c o n s i s ­
t e n t  r e s u l t s .  V enkataram iah e t  a l .  (197*0 used a  c lo se d  re s p iro m e te r  
to  m easure th e  oxygen consum ption o f P. a z te c u s . and th e  t e s t  an im al 
was a c c lim a te d  to  th e  t e s t  chamber f o r  on ly  f iv e  m inu tes b e fo re  th e  
t e s t  began. I  found th a t  th e  sh r im p 's  oxygen consum ption r a t e  was 
s t i l l  d e c re a s in g  a f t e r  two hours (T ab le  7 ) ,  so i t  i s  d o u b tfu l i f  th e  e f ­
f e c t s  o f  s a l i n i t y  a r e  e v id e n t i n  t h e i r  d a ta .  The lo w est oxygen consump­
t io n  r a t e  t h a t  V enkataram iah e t  a l .  (197*+) o b ta in e d  was 1 .1  mg 0^* 
g wet wt ^*hr  ̂ a t  21 C and 8 .5  ° /o o  S f o r  0 .5 -1 .5  g shrim p and i s  con­
s id e r a b ly  h ig h e r  th an  r a t e s  o b ta in e d  in  my s tu d y  (T ab le  10) o r  th o se  o f 
o th e r  s tu d ie s  f o r  s im i la r  w eigh t shrim p (T ab le  2 1 ). T h e re fo re , because 
o f  t h e i r  sh r im p 's  h ig h  oxygen consum ption r a t e s ,  t e s t  a p p a ra tu s , and 
f a i l u r e  to  a c c lim a te  th e  shrim p to  th e  t e s t  cham ber, I  b e l ie v e  V enkat­
aram iah  e t  a l . ' s  (197*+) d a ta  a r e  n o t an a c c u ra te  in d ic a t io n  o f  th e  e f ­
f e c t s  o f  s a l i n i t y  on th e  oxygen consum ption o f P^ a z te c u s .
O ther s tu d ie s  show s a l i n i t y  to  have l i t t l e  a f f e c t  on th e  oxygen 
consumption r a te s  of eu ry h a lin e  decapods. Two po p u la tio n s  o f th e  c a r id -  
ean prawn, ftLlaemonetes v a r la n s . one from a t i d a l  pool o f 25 °/oo  NaCl
T able 21. Oxygen consum ption r a t e s  o f  p en ae id  shrim p; some d a ta  co n v erted  to  make uniform  
r e p o r t in g  p o s s ib le .
A cclim ation T e s t . .
S p ec ies T (C) °/oo S Days T (c) o/oo S W eight (g ) mg O .̂g wet wt -h r A uthor
Meta penaeus
monoceros 31 33 1 .5 31 33 2 -6 0.75 Rao (1958)M 31 20 1 .5 31 17 2-6 0 .75 Rao (1958)
M etapenaeus
monoceros 29 34 3 29 30 0 .5 0 .55 Kader ( 1962)
Penaeus
.iaponlcus 23 28 7-14 23 28 2 .4 - 3 .7 0 .18 Egusa (1961)•• 23 28 7-14 23 28 4 . 6- 6 .2 0 .15 Egusa ( I 96I )
Penaeus
ln d lc u s 28 15 ------ 28 15 2 .4 - 3 .7 0 .57 Subrahmanyam (1962)H 28 15 ------- 28 15 5 .1 - 7 .8 0 .36 Subrahmanyam (1962)
Penaeus
ln d lc u s 30 36 14 30 36 2 .7 0 .7 - K u tty  (1969)
Penaeus
sem lsu lc a tu s 30 36 14 30 36 17 .3 0 .35 K utty  (1969)
Penaeus
a z te c u s --- - - s e v e ra l — --- 4 -7 0 .39 Z e in -E ld in  A
Penaeus
a z te c u s 32 0 .5 32 0 .3 -
Klima (1965) 
S teed  & Copeland
Penaeus
duorarum 32 0 .5 32 0 .1 4
(1967) 
S teed  A Copeland
Penaeus
ln d lc u s 28 21 5 28 21 0 .1 0 .9 -
(1967) 
K u tty  e t  a l .  (1971)
and a n o th e r  from a  s lu ic e - p o o l  o f  a b o u t 6 ° /o o  NaCl, consumed a b o u t th e  
same amount o f  oxygen when t e s t e d  a t  s a l i n i t i e s  ap p ro x im a tin g  th o se  o f 
t h e i r  r e s p e c t iv e  h a b i t a t  (L o f ts  1956). Oxygen consum ption in c re a s e d  a s  
t e s t  s a l i n i t y  d e v ia te d  away from  h a b i t a t  s a l i n i t i e s ,  b u t a c c l im a tio n  to  
th e  o th e r  s a l i n i t i e s  was o n ly  2k h r ,  and a c c lim a tio n  may n o t have been 
com plete . L o f ts  (1956) su g g es te d  t h a t  th e  a b i l i t y  o f  P. v a r ia n s  to  con­
sume s im i la r  am ounts o f  oxygen i n  d i f f e r e n t  s a l i n i t i e s  was due to  phys­
io lo g ic a l  ra c e  d i f f e r e n c e s .  The w ool-handed c ra b , E r lo c h e lr  s i n e n s i s , 
does n o t in c re a s e  i t s  oxygen consum ption over s a l i n i t i e s  ra n g in g  from 
ze ro  to  32 °/oo, and P o t t s  (195*0 has c a lc u la te d  t h a t  th e  energy  used 
f o r  o sm o reg u la tio n  i n  f r e s h  w a te r  i s  o n ly  a b o u t 0.556 o f i t s  t o t a l  m eta­
b o l i c  energy  e x p e n d itu re . Rao (1958) s tu d ie d  two p o p u la tio n s  o f  M eta-  
penaeus m onoceros, a  m arine p o p u la tio n  c o l le c te d  and h e ld  in  33 .5  ° / ° °  S 
and a  e s tu a r in e  p o p u la tio n  c o l le c te d  and h e ld  in  20 ° /o o  S. The oxygen 
consum ption was a b o u t th e  same f o r  b o th  p o p u la tio n s  when t e s t e d  in  t h e i r  
h a b i t a t  s a l i n i t i e s ,  i . e . ,  0 .6 6  and 0 .6 7  ml O^.g w et wt * .h r  A cute
s a l i n i t y  changes from  t h e i r  h a b i t a t  s a l i n i t y  r e s u l t e d  in  h ig h e r  oxygen 
consum ption r a t e s .  In  a n o th e r  s tu d y  (K ader 1962), th e  oxygen consump­
t io n  o f M, monoceros was lo w est a t  a  s a l i n i t y  s im i la r  to  t h a t  o f a c c l i ­
m ation  (30 ° /o o ) .  A cute changes to  10 o r  ^0 ° /o o  S r e s u l t e d  in  i n ­
c re a se d  oxygen consum ption (K ader 1962) .  S a l i n i t y  was n o t found to  have 
a  s i g n i f i c a n t  a f f e c t  on th e  oxygen consum ption o f th e  shrim p Penaeus 
ln d lc u s  when t e s t e d  a t  a c c l im a tio n  s a l i n i t i e s  o f  7 , 21 , and 35 ° / ° °  
(K u tty  e t  a l .  1971). T h e re fo re , i t  ap p ea rs  t h a t  i f  a  e u ry h a lin e  shrim p 
i s  a c c lim a te d  to  s a l i n i t i e s  which a r e  n o t too  e x c e s s iv e , i t s  oxygen con­
sum ption r a t e  w i l l  n o t r e f l e c t  any in c re a s e d  energy  demands n e c e ssa ry  
f o r  o sm o reg u la tio n . T ab le  21 l i s t s  oxygen consum ption r a t e s  o f  p enae id
65
shrim p w hich have been  a c c lim a te d  to  and t e s t e d  a t  s im i la r  s a l i n i t y *  
te m p e ra tu re  co m b in a tio n s.
Lange e t  a l .  (1972) p re s e n t  ev id en ce  s u p p o r tin g  th e  h y p o th e s is  t h a t  
oxygen consum ption f o r  oxygen conform ers i s  h ig h e r  i n  low er s a l i n i t i e s  
because  more oxygen i s  a v a i l a b le  i n  low er s a l i n i t i e s  and n o t b ecause  o f 
o sm o reg u la to ry  demands on m etabolism . T h is  may be t r u e  f o r  shrim p in  
an  a c t iv e  s t a t e  o f  m etabolism  because  shrim p a r e  oxygen co n f orm ers 
d u r in g  a c t i v i t y .
A lthough th e  av erag e  oxygen consum ption r a t e s  betw een th e  s iz e s  
were found to  be s i g n i f i c a n t l y  d i f f e r e n t ,  th e  o n ly  s p e c i f i c  d i f f e r e n c e  
was found i n  th e  s i z e - s a l i n l t y  i n t e r a c t io n s  (T ab le  ?)\ s i z e - s a l i n i t y  
in t e r a c t io n s  f o r  my t e s t s  a r e  shown in  F ig . 13. The s i g n i f i c a n t  oxygen 
consum ption d i f f e r e n c e  betw een shrim p s iz e s  a t  20 ° /o o  S can n o t be ex­
p la in e d  w ith  th e  p re s e n t  d a ta .  The d i f f e r e n c e  i s  e v id e n t in  F ig . 5 a t  
20 ° /o o  S and a t  each  te m p e ra tu re  in  F ig . 6 a t  20 ° /o o  S . I t  i s  i n t e r ­
e s t in g  to  n o te , how ever, t h a t  among th e  s ix  tre a tm e n t co m b in a tio n s , th e  
lo w est a s  w e ll a s  th e  h ig h e s t  oxygen consum ption r a t e s  w ere o b ta in e d  a t  
20 ° /o o  S (F ig . 1 3 ) . The p o s s i b i l i t y  e x i s t s  t h a t  th e  3 . 7 -g  shrim p were 
more a c t i v e  th an  " ro u t in e "  in  th e  t e s t  chamber and t h a t  th e  6 .7 -g  
shrim p were l e s s  a c t i v e  them " r o u t in e ."  T e s ts  f o r  each s iz e  were con­
d u c ted  w ith in  a  cou p le  o f  days o f  each  o th e r  a t  each  te m p e ra tu re , and 
I  b e lie v e  t h a t  th e  tim e e lem en t i s  n o t re s p o n s ib le  f o r  th e  observed  d i f ­
fe re n c e . Each s i z e - s a l i n i t y  com bination  i s  th e  av erag e  o f ap p ro x im a te ly  
30 t e s t s ,  and th e  p o s s i b i l i t y  o f  o b ta in in g  th e  r e s u l t s  by chance i s  
s m a ll. The ab sen ce  o f  s i g n i f i c a n t  oxygen consum ption d i f f e r e n c e s  a t  
10 and 30 ° /o o  S s u g g e s ts  t h a t  th e re  i s  a  minimum demand on th e  m e tab o lic  
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s iz e "  c a ta g o ry , th e  oxygen consum ption a t  th e  t e s t e d  s a l i n i t i e s  would 
be ex p ec ted  to  be s im i la r .
M etabo lic  r a t e  o f  most p o ik ilo th e rm s  i s  g e n e r a l ly  r e l a t e d  to  tamp- 
p e ra tu re  (P ro s s e r  1973)* T h e re fo re  I t  i s  n o t s u r p r i s in g  to  f in d  t h a t  
o f  th e  v a r ia b le s  t e s t e d ,  te m p e ra tu re  was found to  be th e  most in f lu e n ­
t i a l  on th e  sh rim p ’s  oxygen consum ption (T ab le s  7* 9 ) .  The oxygen con­
sum ption r a t e s  w ere found to  in c re a s e  l i n e a r l y  a s  te m p e ra tu re  in c re a s e d . 
Mean oxygen consum ption in c re a s e d  f o r  b o th  s iz e s  a t  each  te m p e ra tu re  a t  
a p p ro x im a te ly  th e  same r a t e  (P ig . 1*0.
The Q ^ 's  [oxygen consum ption a t  (T + 10) C /  oxygen consum ption 
a t  T c] a r e  p re s e n te d  i n  T ab le  22. The oxygen consum ption in c re a s e d  
e q u a lly  f o r  b o th  s i z e s  betw een 23 and 33 C. However, betw een 18 and 
28 C, th e  oxygen consum ption f o r  th e  3 .7 -g  shrim p d id  n o t in c re a s e  to  
th e  e x te n t  o f  t h a t  f o r  th e  6 .7 -g  shrim p. But th e  d i f f e r e n c e  betw een th e  
th e  oxygen consum ption f o r  th e  te m p e ra tu re - s iz e  I n te r a c t io n  was n o t 
found to  be s i g n i f i c a n t ,  and th e  av erag e  a r e  n e a r ly  e q u a l. Scho-
la n d e r  e t  a l .  (1953) o b ta in e d  a  o f  1 .7  f o r  Penaeus b r a s l l l e n s l s  
t e s te d  a t  25 and 30 C. Wolvekamp and Waterman (i9 6 0 )  s t a t e  t h a t  gen­
e r a l l y  v a lu e s  in c re a s e  a s  th e  te m p e ra tu re  d e c re a se s ;  th e  in c re a s e  
was n o t obv ious i n  my s tu d y .
V enkataram iah e t  a l .  (197*0 found t h a t  th e  oxygen consum ption r a t e s  
o f  P. a z te c u s  do n o t n e c e s s a r i ly  In c re a s e  w ith  in c re a s in g  te m p e ra tu re s . 
Shrim p a c c lim a te d  to  and te s te d  a t  8 .5  °/oo S d e c rea se d  t h e i r  oxygen 
consum ption r a t e s  a s  te m p e ra tu re  In c re a se d  from 21 to  31 C. A t 17 ° /° o  
S , oxygen consum ption r a t e s  o f  ap p ro x im a te ly  1 .3  mg O^’g w et wt **hr * 
d id  n o t s i g n i f i c a n t l y  change w ith  in c re a s in g  te m p e ra tu re , b u t a t  2 5 .5
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Table 22. Q^q 's for both sizes of Penaeus aztecus; oxygen consump- 
tion data averaged over all test salinities.





Average 18-28 1 .65
Average 23-33 1.63
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and 3k °/oo S , oxygen consum ption in c re a s e d  s i g n i f i c a n t l y  a s  tem p e ra tu re  
in c re a s e d . V enkataram iah e t  a l .  (197*0 found th e  s h r im p 's  lo w est oxy­
gen consum ption r a t e s  to  o ccu r a t  com binations o f  low s a l i n i t i e s - h i g h  
te m p e ra tu re s  o r  h ig h  s a l i n i t i e s - l o w  te m p e ra tu re s , b u t a s  p re v io u s ly  sug ­
g e s te d , t h e i r  d a ta  p ro b ab ly  do n o t a c c u r a te ly  r e f l e c t  th e  tre a tm e n t 
e f f e c t s .
Some v e ry  i n t e r e s t i n g  oxygen consum ption d i f f e r e n c e s  were found 
among th e  s a l in i ty - te m p e r a tu r e  i n t e r a c t io n s  (s e e  F ig  ? ) .  A t 10 and 20 
° /o o  S , oxygen consum ption in c re a s e d  s i g n i f i c a n t l y  a s  tem p e ra tu re  i n ­
c re a se d  (T ab le s  7 , 10; F ig . 7 ) .  A t 30 ° / ° °  s » however, oxygen consump­
t io n  peaked a t  28 C and a  s i g n i f i c a n t  r e d u c tio n  i n  th e  oxygen consump­
t io n  r a t e  was found compared to  th e  r a t e s  a t  18 and 23 C. T h is  i n d i ­
c a te s  a  p o s s ib le  d e tr im e n ta l  e f f e c t  ex p re ssed  by oxygen consum ption o f 
P. a z te c u s  a t  30 ° /o o  S and 33 C. The o sm o reg u la to ry  a b i l i t i e s  o f P. 
a z te c u s  a r e  reduced  a t  33 C (F ig . 8 , 1 0 ) , and s a l i n i t y  e f f e c t s  may be­
come in c r e a s in g ly  im p o rta n t i n  th e  m e tab o lic  energ y  e x p e n d itu re  f o r  o s ­
m o reg u la tio n  a s  tem p e ra tu re  app ro ach es  33 C. S a l i n i t i e s  o f  10 and 20 
° /o o  a r e  h y p o ton ic  to  th e  s h r im p 's  hemolymph, and 30 ° /o o  S i s  hyper­
to n ic  (F ig . 8 ) .  T h e re fo re , a t  28 C, h y p e rto n ic  o sm o reg u la tio n  may be 
m e ta b o lic a l ly  l e s s  ex p ensive  th an  hy p o to n ic  o sm o reg u la tio n  (F ig . 7 ) .
A t 33 C, shrim p oxygen consum ption r a t e s  a t  30 ° /o o  S d e c rea se d  below 
th a t  o f  shrim p a t  10 and 20 ° /o o  S , in d ic a t in g  th a t  th e  h ig h e s t  s a l i n ­
i t y -  te m p e ra tu re  com bination  has a  d e tr im e n ta l  e f f e c t  on P. a z te c u s . The 
o s m o la li ty  o f  th e  sh r im p 's  hemolymph i s  c lo s e r  to  30 ° /o o  S th an  10 o r 
20 ° /o o  S (T ab le  1 4 ) , th u s  o sm o reg u la tio n  a t  th e  h ig h e s t  s a l i n i t y  would 
be l e s s  demanding i f  th e  s iz e s  o f  P. a z te c u s  t e s t e d  a r e  e q u a lly  e f f i -
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c i e n t  a s  hypo- o r hyp er-o sm o tic  r e g u la to r s .
The p o s s i b i l i t y  e x i s t s  t h a t  th e  e f f e c t s  o f  oxygen s o l u b i l i t y  in  
r e l a t i o n  to  s a l i n i t y  and te m p e ra tu re  a r e  b e in g  r e f l e c t e d  in  th e  oxygen 
consum ption d a ta  i n  P ig . 7 a t  33 C. T h a t i s ,  a t  33 C, oxygen i s  l e s s  
s o lu b le  i n  30 ° /o o  S th an  in  10 o r  20 ° /o o  S , and th e  s h r im p 's  oxygen 
consum ption may be p ro p o r t io n a l  to  th e  oxygen c o n c e n tra t io n . The d i f ­
fe re n c e  betw een th e  av erag e  oxygen consum ption a t  20 and 30 ° /o o  S a t  
33 C was c a lc u la te d  to  d e te rm in e  i f  i t  i s  p ro p o r t io n a l  to  th e  d i f f e r ­
ence betw een th e  a v e rag e  oxygen a v a i l a b le  in  th e  t e s t  chamber a t  20 and 
30 ° /o o  S a t  33 C. The c a lc u la t io n s  a r e  p re se n te d  i n  T ab le  23. The 
d e c re a se  o f P. a z te c u s '  oxygen consum ption betw een 20 and 30 ° /o o  S was 
found to  be 0 ,1  mg h r  ^ and i s  n o t o f  s im i la r  m agnitude to  th e  oxygen- 
a v a i l a b le  d i f f e r e n c e .  T h e re fo re  th e  d e c rea se d  oxygen c o n c e n tra t io n  due 
to  in c re a s e d  s a l i n i t y  a p p ea rs  n o t to  have a f f e c te d  th e  oxygen consump­
t io n  d i f f e r e n c e  o f th e  shrim p a t  20 and 30 °/oo S a t  33 0.
Some c o n s id e ra t io n  sh o u ld  be g iv en  to  th e  r e p o r t in g  o f  oxygen con­
sum ption  d a ta  o b ta in e d  from a q u a t ic  o rgan ism s. The r a t e  o f  many a q u a t ic  
a n im a ls ' oxygen consum ption i s  a f f e c t e d  by th e  am bien t oxygen c o n c e n tra ­
t i o n ,  te m p e ra tu re , s a l i n i t y ,  a c c lim a tio n  h i s to r y ,  e t c . , and th e  s o lu ­
b i l i t y  o f  oxygen in  w a ter i s  r e l a t e d  to  tem p e ra tu re  and s a l i n i t y .  
T h e re fo re , a l l  t e s t i n g  c ircu m stan ces  need to  be In c lu d ed  when r e p o r t in g  
oxygen consum ption d a ta .  Oxygen consum ption r a t e  d a ta  a r e  n o rm ally  r e ­
p o r te d  in  volume o r w eigh t u n i t s  p e r  u n i t  w eigh t o f  th e  t e s t  an im al.
The p o te n t i a l  o f th e  fu tu r e  c u l tu r e  o f  many a q u a t ic  organism s makes oxy­
gen consum ption d a ta  u s e f u l  f o r  p r a c t i c a l  a p p l ic a t io n ,  and th e  
d a ta  sh o u ld  be re p o r te d  in  th e  most u s e f u l ,  c o n v e n ie n t, and s t r a i g h t ­
fo rw ard  u n i t s  f o r  i n t e r -  and i n t r a s p e c i f i c  com parisons. T h e re fo re , th e
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r e p o r t in g  o f  oxygen consum ption d a ta  i n  u n i t s  o f  w e ig h t o f  oxygen con­
sumed p e r  u n i t  w e ig h t o f  th e  t e s t  an im al p e r  u n i t  o f  tim e  i s  a d v ise d  
b ecause  oxygen w eig h t i s  in d ep en d en t o f  te m p e ra tu re  and w eigh t o f  oxygen 
consumed to  u n i t  w eigh t o f  an im al i s  a  more lo g i c a l  r e l a t i o n s h ip  th an  
i s  volume o f oxygen to  u n i t  w eigh t o f  an im a l.
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T able  23. C a lc u la t io n  o f oxygen d i f f e r e n c e s  a t  20 and 30 ° /o o  S 
a t  33 C.
0^ a v a i l a b le  (mg h r - *) a t  20 ° /o o  S 15.62
Og a v a i l a b le  (mg h r - *) a t  30 °/oo S 14 .06
D if fe re n c e  (mg 0^ h r  *) 1 .56
A verage 0_ consum ption mg.g w et wt *«hr * 
f o r  shrim p a t  20 ° /o o  S 0.54
A verage w eig h t (g )  o f  shrim p a t  20 ° /o o  S 5.10
A verage 0 consum ption (mg h r  ) p e r  shrim p
a t  20 ° / ° °  s 2 .7 5
A verage 0 -consum ption  mg*g w et wt **hr * 
f o r  shrim p a t  30 ° /o o  S 0 .49
A verage w eigh t (g )  o f  sh rim p a t  30 ° /o o  S 5 .4 7
A verage 0_ consum ption (mg h r  *) p e r  shrim p 
d a t  30 ° /o o  S 2 .6 8
0 consum ption d i f f e r e n c e  betw een 20 and 30 
°/oo S (mg h r “l ) 0 .0 7
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Energy c o n s id e ra t io n s
The m e ta b o lic  energ y  e x p e n d itu re  o f  shrim p can be c a lc u la te d  from 
knowledge o f t h e i r  oxygen consum ption r a t e s  and t h e i r  m e ta b o lic  sub­
s t r a t e  ( i n d i r e c t  c a lo r im e try ) .  B ecause shrim p a r e  om nivorous (E ld red  
e t  a l .  1961; F a r f a n te  1969; M is ta k id is  1957? W illiam s 1955). a  com­
b in a t io n  o f c a rb o h y d ra te , l i p i d ,  and p r o te in  a s  th e  s h r im p 's  m e tab o lic  
s u b s t r a t e  sh o u ld  g iv e  a  re a so n a b le  e s t im a te  o f  th e  oxygen consum ption- 
energy  e x p e n d itu re  r e l a t i o n s h ip .  At s ta n d a rd  c o n d it io n s ,  one l i t e r  
o f  oxygen w i l l  l i b e r a t e  5007, 4686, o r  4500 c a lo r i e s  d u rin g  th e  com­
b u s tio n  o f c a rb o h y d ra te , l i p i d ,  o r  p r o te in ,  r e s p e c t iv e ly  (G iese  1968). 
None o f  th e  c a lo r i c  e x p e n d itu re s  v a ry  more th an  6jC from th e  mean r e ­
g a rd le s s  o f  th e  s u b s t r a t e  b e in g  m e ta b o lize d . T h e re fo re  f o r  ev ery  mg 
o f oxygen consumed, a b o u t 3*31 c a lo r i e s  w i l l  be l i b e r a t e d .  On th e  
a v e ra g e , a 6 .7 -g  P. a z te c u s  u t i l i z e s  2 .64  and 11 .82  c a lo r i e s  p e r hour 
a t  r e s t  and d u r in g  a c t i v i t y ,  r e s p e c t iv e ly  (oxygen d a ta  from T ab le  5 ) . 
The c a lo r i c  e x p e n d itu re  d u rin g  a c t i v i t y  i s  c a lc u la te d  from th e  maxi­
mum oxygen consum ption and i s  n o t r e p r e s e n ta t iv e  o f  c a lo r i c  u t i l i z a ­
t io n  f o r  on e-h o u r p e r io d s . O ther a v e rag e  energy  e x p e n d itu re s  o f  P. 
a z te c u s  a t  s e le c te d  c o n d itio n s  a r e  p re se n te d  in  T ab le  24.
A pprox im ately  80J6 o f  a  p en ae id  s h r im p 's  w et w eigh t i s  due to  w a te r 
(L oesch , p e rs o n a l com m unication, 13 November 1974), so th e  d ry  w eigh t 
o f  a  3 .7  and a  6 .7 -g  shrim p would be abou t 0 .74  and 1 .3 4  g , re s p e c ­
t i v e ly .  A gram o f d r ie d  whole shrim p ( Crangon s p , ) w i l l  y ie ld  approx­
im a te ly  4000 c a lo r i e s  upon com bustion (W issing  e t  a l .  1973); th u s  th e  
energy  c o n te n t o f  a  3 .7  and a  6 .7 -g  P. a z te c u s  i s  a b o u t 2960 and 
5360 c a l o r i e s ,  r e s p e c t iv e ly .
T ab le  2*4-. A verage energy  e x p e n d itu re s  o f  a z te c u s  a t  each 
te m p e ra tu re  ( s a l i n i t y  a v e ra g e d ).
Mean oxygen consum ption Energy
C o n d itio n  mg O g'g wet wt ^»hr * c a l .g  w et wt- ^ •h r
3 . 7 -g  shrim p •  18 C 0 .32 1 .0 0
•  23 C 0 .36 1 .1 4
•  28 C 0.51 1 .59
•  33 C 0 .57 1 .8 0
6 . 7 -g  shrim p •  18 C 0 .2 7 0 .85
•  23 c 0 .34 1 .0 8
•  28 C o .45 1 .4 2
•  33 C 0 .53 1 .6 6
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I f  a  6 .7 -g  shrim p m a in ta in s  a  r e s t i n g  s t a t e  f o r  24 h r ,  th en  a  
minimum o f 66 c a lo r i e s  w i l l  be u t i l i z e d  j u s t  f o r  m ain tenance . T h is  I s  
a b o u t 1 .2% o f  i t s  t o t a l  c a lo r i c  c o n te n t o r  0 .0 8  g wet w eigh t e q u iv a ­
l e n t .  T h e re fo re  a  6 .7 -g  shrim p m ust a s s im i la te  a  minimum o f 1.2% o f  
i t s  body w et w eigh t p e r day o f eq u al c a lo r i c  v a lu e  food j u s t  to  main­
t a i n  I t s e l f  a t  r e s t .  I f  a  maximum s t a t e  o f  a c t i v i t y  were m a in ta in ed
—  1 —1
f o r  2k h r  (oxygen consum ption = 0 .5 6  mg O^-g wet wt • h r” ) ,  th en  
ap p ro x im a te ly  284 c a lo r i e s  would be expended. T h is  i s  over 5% o f  th e
6 . 7 -g  s h r im p 's  t o t a l  c a lo r ic  c o n te n t b u t i s  l e s s  th an  th e  5 .7 #  r e s ­
p i r a to r y  r a t e  u sed  by Day e t  a l .  (1973) in  t h e i r  shrim p p ro d u c tio n  
c a lc u la t io n s .  Shrimp o b v io u s ly  do n o t m a in ta in  a  co n tin u o u s  maximum 
a c t i v i t y  s t a t e ,  and t h e i r  a v e rag e  energy  e x p e n d itu re  i s  p ro b ab ly  n e a r  
2 -3#  o f t h e i r  body w et w e ig h t p e r 2k h r  depending  upon th e  s i z e  o f  th e  
shrim p and th e  amount o f  a c t i v i t y .
The oxygen consum ption o f th e  3 .7  and 6 .7 -g  shrim p av erag ed  over 
a l l  s a l i n i t i e s  and 23 and 28 C d u rin g  th e  f o u r th  15-mln t e s t  p e r io d  
was m easured to  be 0 .4 0  and 0 .3 7  mg wet wt **hr r e s p e c t iv e ly .  
These two shrim p s iz e s  and w a te r te m p e ra tu re s  a r e  c h a r a c t e r i s t i c  o f  
B a r a ta r la  Bay d u rin g  th e  month o f May ( S t .  Amant e t  a l .  1966), and an 
av e rag e  oxygen consum ption r a t e  o f  0 .3 8  mg O^’ g wet w t”*«hr”* sh o u ld  
be a  re a so n a b le  e s t im a te  o f  r o u t in e  oxygen consum ption o f th e  3 .7 -6 .7  
g shrim p. Because P. a z te c u s  b u r ie s  in to  th e  s u b s t r a te  d u rin g  th e  day 
(W illiam s 1965), c a lc u la te d  d a i ly  c a lo r ic  e x p e n d itu re s  a r e  based  on 
shrim p b e in g  in  a  r o u t in e  s t a t e  o f m etabolism  f o r  12 h r and in  a  
r e s t i n g  s t a t e  f o r  12 h r .  U sing th e  av erag e  v a lu e  o f  0 .38  mg 0^* 
g wet wt **hr * f o r  r o u t in e  oxygen consum ption and 0 .13  mg 02* g wet 
wt **hr * f o r  s ta n d a rd  m etabolism  (T ab le  5) f o r  5*2-g P. a z te c u s
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(a v e rag e  o f  3 .7  and 6 . 7 -g  sh rim p ), a  d a l ly  c a lo r i c  e x p e n d itu re  o f  
105 c a lo r i e s  i s  o b ta in e d . T h is  i s  a p p ro x im a te ly  2.55^ o f  th e  5 .2 -g  
sh rim p ’s  c a lo r i c  c o n te n t and su p p o r ts  th e  assum ption  o f a  2 -3 ^  expen­
d i tu r e  o f  t h e i r  body w et w e ig h t p e r  2k h r .
S t .  Amant e t  a l .  ( I 966) e s t im a te  t h a t  P. a z te c u s  grow an av erag e  
o f  one mm p e r  day w h ile  in  th e  e s tu a r i e s .  T h e re fo re , th e  s m a l le s t  
shrim p o f th e  3 . 7 -g  c la s s  would need a b o u t 30 days to  grow to  th e  l a r ­
g e s t  shrim p o f  th e  6 .7 -g  c l a s s .  U sing th e  2 .5 #  w et w eight energy  
e x p e n d itu re  p e r  d ay , a  shrim p would r e s p i r e  ap p ro x im a te ly  3150 c a lo r i e s  
d u rin g  i t s  l a s t  30 days in  th e  e s tu a ry  b e fo re  e m ig ra tin g  to  o f f s h o re  
w a te rs .
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S iz e ,  s a l i n i t y ,  te m p e ra tu re  e f f e c t s  on o sm o reg u la tio n
The In f lu e n c e  o f  s a l i n i t y  on th e  l i f e  h a b i t s  o f  p en ae ld  shrim p has 
r e c e iv e d  c o n s id e ra b le  a t t e n t i o n  (G un ter e t  a l .  196*4-; G unter and H ild e ­
b rand  195*4-; P an ik k a r 1951, 1968; P a rk e r 1970; Z e in -E ld in  1963). P an ik - 
k a r  ( 1951) su g g es ts  t h a t  h ig h  s a l i n i t y  may be n e c e s sa ry  f o r  o v a r ia n  d e ­
velopm ent, b u t i t s  im p o rtan ce  s t i l l  rem ain s  unknown. L ife  c y c le s  o f  th e  
th r e e  p en ae id  shrim p im p o r ta n t com m ercially  i n  th e  G u lf a r e  s im i la r  
(W illiam s 1965), b u t th e  ju v e n i le  w h ite  sh rim p , Penaeus s e t l f e r u s . p re ­
f e r  s a l i n i t i e s  l e s s  th a n  10 ° /o o , ju v e n i le  brown sh rim p , P. a z te c u s . 
p r e f e r  s a l i n i t i e s  betw een 10 and 20 ° / 0 0 » and ju v e n i le  p in k  sh rim p , P. 
d u o ra ru a , p r e f e r  s a l i n i t i e s  above 18 ° /o o  (G u n te r e t  a l .  196*4-). Adap­
t a t i o n  to  low er s a l i n i t y  i s  h ig h ly  d eveloped  i n  th e  young p e n a e id s , and 
th e  ju v e n i le s  a r e  more w id e ly  d i s t r i b u t e d  in  th e  e s tu a r i e s  th a n  a r e  th e  
f u l l  grown a d u l t s .  T hus, o sm o reg u la tio n  in  d i l u t e  s a l i n i t i e s  may be 
l e s s  e f f i c i e n t  f o r  a d u l t  shrim p and a  f a c to r  in  t h e i r  e m ig ra tio n  from 
th e  e s tu a r i e s  to  h ig h e r  s a l i n i t y  w a te rs  (P an ik k a r 1968). Z e in -E ld in  
( I 963) o b ta in e d  good grow th and s u r v iv a l  f o r  p o s t l a r v a l  p en ae id s  a t  2 ,
5 , 10, 25 , and *4-0 ° /o o  S , and concluded  t h a t  s a l i n i t y  p e r  s e  may n o t 
d i r e c t l y  a f f e c t  grow th d u rin g  th e  e s tu a r in e  p o r t io n  o f  t h e i r  l i f e  c y c le . 
However, p o s t la rv a e  were grown on ly  to  wet w e ig h ts  o f  l e s s  th a n  0 .2  g 
each , so  th e  e f f e c t s  o f  low s a l i n i t y  on th e  grow th r a t e  d u r in g  a  sub­
s t a n t i a l  p o r t io n  o f th e  sh rim p ’ s  l i f e  c y c le  rem ain  u n in v e s t ig a te d .
The brown shrim p i s  an o sm o reg u la to r and m a in ta in s  i t s  hemolymph 
o s m o la l i ty  a round  750-900 mOsm (26-30  ° /o o  S) depending  upon th e  e x te r ­
n a l  s a l i n i t y  and te m p e ra tu re  (M cFarland and Lee 1963; W illiam s i9 6 0 ) . 
P an ik k ar (1968) and K hlebovich (1969) c o n s id e r  hom oiosm otic r e g u la t io n  
a s  one o f th e  m ost advanced c a p a b i l i t i e s  o f  m arine I n v e r te b r a te s .  My
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d a ta  co n firm  P. a z te c u s  * tendency  tow ard h o m o io sm o tic ity , b u t hemolymph 
o s m o la l i t ie s  w ere found to  in c re a s e  s i g n i f i c a n t l y  w ith  th e  t e s t  s a l i n ­
i t i e s .  S im ila r  d a ta  w ere o b ta in e d  in  o th e r  s tu d ie s  o f  hemolymph osmo- 
r e g u la t io n s  (M cFarland and Lee 1963; W illiam s i 960) and f o r  b lood  Na+ 
and  C l io n  c o n c e n tra t io n s  (B ursey  and Lane 1971; V enkataram iah e t  a l .  
197*1-).
I f  hemolymph o s m o la l i ty  q u o t ie n ts  (H ^ q 's )  a r e  computed in  a  manner 
s im i la r  to  oxygen consum ption q u o t ie n ts  ( Q ^ q 's ) , ex cep t t h a t  th e  osmo­
l a l i t y  r a t i o  i s  m easured over a  10 ° /o o  S In c re a s e  r a t h e r  th an  a  10 C 
in c r e a s e  in  te m p e ra tu re , th en  th e  H ^q 's  betw een 10 and 20 ° /o o  S and b e ­
tween 20 and 30 ° /o o  S f o r  my d a ta  a r e  1 .1 3  and 1 .1 1 , r e s p e c t iv e ly .  Av­
e ra g e  hemolymph o s m o la li ty  q u o t ie n ts  from  W illia m s ' ( i 960) d a ta  a r e  
1 .2 3 , 1 .1 8 , and 1 .1 4  f o r  10 -2 0 , 15-25» and 20-30 ° /o o  S , r e s p e c t iv e ly .
On th e  a v e rag e  th e r e  i s  a  d e c re a se  f o r  th e  h^ q 's  a s  th e  s a l i n i t y  i n ­
c re a s e s  tow ard 30 ° /o o ,  in d ic a t in g  th a t  a s  th e  d i f f e r e n c e  betw een th e  
i n t e r n a l  and e x te r n a l  o s m o la l i ty  d e c re a s e s , th e  change i n  hemolymph o s ­
m o la l i ty  d e c re a s e s .
The d eg ree  o f h y p e r to n ic i ty  which p en ae id s  can m a in ta in  i s  an  in d ex  
o f  t h e i r  s a l i n i t y  to le r a n c e s  in  hypo-osm otic  w a te r s , and good h y p e rto n ic  
r e g u la to r s  a r e  a b le  to  u t i l i z e  th e  low er s a l i n i t y  a r e a s  ( f tm lk k a r  1968). 
T h is  i s  d em o n stra ted  by th e  low s a l i n i t y  p re fe re n c e  o f  ju v e n i le  w h ite  
sh rim p  and th e  medium s a l i n i t y  p re fe re n c e  o f  ju v e n i le  brown shrim p a s  
m entioned  p re v io u s ly . W hite shrim p can m a in ta in  a  re a so n a b le  d eg ree  
o f  h o m o io sm o tic ity  down to  s a l i n i t i e s  ap p ro x im a tin g  5 ° /o o , b u t 
t h e i r  o s m o la l i ty  n e a r ly  p a r a l l e l s  th e  i s o s r a o t ic i ty  l i n e  above 41 ° /o o  S. 
The brown s h r im p 's  o s m o la li ty  n e a r ly  p a r a l l e l s  th e  is o s m o t ic l ty  l i n e  b e ­
low 20 ° /o o  S b u t i s  r e l a t i v e l y  c o n s ta n t up to  48 ° /o o  S (M cFarland
80
and Lee 1963). Thus, th e  a b i l i t y  to  o sm o reg u la te  a t  one s a l i n i t y  ex­
trem e i s  " s a c r i f i c e d ” f o r  th e  a b i l i t y  to  r e g u la te  a t  th e  o th e r  ex trem e.
A verage hemolymph o s m o la l i t i e s  w ere found to  be s i g n i f i c a n t l y  
g r e a te r  f o r  th e  3 . 7 -g  sh rim p  th a n  f o r  th e  6 . 7 -g  sh rim p , b u t t h i s  i s  a  
r e f l e c t i o n  o f  th e  s i g n i f i c a n t  s a l i n i t y - s i z e  i n t e r a c t io n  found a t  30 ° /o o  
S (T ab le  1 2 ) . The 3 . 7 -g  shrim p*s a v e rag e  hemolymph o s m o la l i ty  was 43 
mOsm h ig h e r  th a n  t h a t  o f  th e  6 .7 -g  sh rim p  a t  30 ° /o o  S (T ab le  1 5 ); a c ­
c l im a tio n  s a l i n i t i e s  f o r  th e  3*7 and 6 . 7 -g  shrim p were 889 and 882 mOsm, 
a  d i f f e r e n c e  o f  o n ly  7 mOsm. T h e re fo re , th e  l a r g e r  sh rim p ap p ea r to  be 
b e t t e r  h y p o -o sm o reg u la to rs  a t  30 ° /o o  S (F ig . 8 ) .  T h is would f a c i l i t a t e  
p h y s io lo g ic a l  demands a s  th e  shrim p m ature and move to  hyperosm otic  
s a l i n i t i e s .  A s im i la r  d i f f e r e n c e  a t  30 ° /o o  S betw een 42-100 mm and 
120-150 mm P. a z te c u s  was o b ta in e d  by W illiam s ( i 960) ex cep t th e  l a r g e r  
s h r im p 's  hemolymph was 48 mOsm h ig h e r  th an  th a t  o f  th e  s m a lle r  shrim p. 
W illiam s t e s t e d  th e  shrim p a t  8 .8 ,  16, and 28 C, and th e  s lo p e  o f th e  
l a r g e r  s h r im p 's  hemolymph o s m o la l i ty  cu rv e  approached  th a t  o f  th e  l i n e  
o f i s o t o n i c i t y  a t  8 .8  C. Low te m p e ra tu re s  a f f e c t  th e  l a r g e r  s h r im p 's  
a b i l i t y  to  o sm o reg u la te  to  a  g r e a te r  d eg ree  th a n  th ey  do th e  s m a lle r  
s h r im p 's .  T hus, th e  la c k  o f any s i g n i f i c a n t  tem p e ra tu re  e f f e c t s  (T ab le  
12) on th e  s h r im p 's  o sm o reg u la tio n  in  my t e s t s  p ro b ab ly  r e s u l t s  from th e  
absence  o f  low t e s t  te m p e ra tu re s .
T em perature  i n t e r a c t io n s  w ith  s i z e  and w ith  s a l i n i t y  a f f e c te d  th e  
s h r im p 's  o sm o reg u la tio n  s i g n i f i c a n t l y  (T ab le  1 2 ). Except a t  18 C, th e  
hemolymph o s m o la li ty  o f th e  3 . 7 -g  shrim p tended  to  in c re a s e  w ith  i n ­
c re a s in g  te m p e ra tu re , w h ile  t h a t  o f  th e  6 . 7 -g  shrim p d e c rea se d  w ith  i n ­
c re a s in g  te m p e ra tu re  o v er a l l  t e a t  te m p e ra tu re s  (T ab le  1 6 ). However, 
on ly  a t  33 C was th e  3 .7 -g  s h r im p 's  hemolymph c o n c e n tra tio n  s i g n i f i ­
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c a n t ly  d i f f e r e n t  (56  mOsm h ig h e r)  th a n  t h a t  o f  th e  6 . 7 -g  sh rim p  (F ig .
8 ) ;  a c c l im a tio n  s a l i n i t i e s  d i f f e r e d  12 mOsm in  a  s im i la r  m anner. Over 
th e  s a l i n i t i e s  t e s t e d ,  th e  6 .7 -g  shrim p was found to  m a in ta in  homoios­
m o t ic i ty  more e f f e c t i v e l y  th a n  th e  3 .7 -g  shrim p a t  33 C. B ut a t  33 C, 
th e  3 .7 -g  shrim p a r e  b e t t e r  h y p e r-o sm o re g u la to rs  a t  10 and 20 ° /o o  S, 
w h ile  th e  6 . 7 -g  shrim p a r e  b e t t e r  h y p o -o sm o reg u la to rs  a t  JO ° /o o  S (F ig . 
8).
As te m p e ra tu re  in c re a s e d  to  33 C, th e  s h r im p 's  hemolymph o s m o la li ty  
tended  tow ard t h a t  o f  th e  e x te r n a l  medium f o r  shrim p t e s t e d  in  10 and 
30 ° /o o  S (F ig  1 0 ). T h a t i s ,  sh rim p a r e  h y p e r-o sm o tic  in  10 ° /o o  S , and 
t h e i r  hemolymph o s m o la l i ty  d e c re a se d  w ith  in c re a s in g  te m p e ra tu re . S im i­
l a r l y ,  sh rim p a r e  hypo-osm otic  i n  30 ° / ° °  S , and t h e i r  hemolymph osmo­
l a l i t y  in c re a s e d  w ith  I n c re a s in g  te m p e ra tu re . W illiam s (I9 6 0 ) found th e  
o sm o reg u la to ry  a b i l i t i e s  o f  P. a z te c u s  to  be s i g n i f i c a n t l y  l e s s  a t  8 .8  C 
th a n  a t  28 C; th e  s lo p e s  o f  h is  r e g r e s s io n  l i n e s  o f  hemolymph o s m o la li ty  
vs  s a l i n i t y  a t  8 .8  C w ere 0 .612  and 0 .783  f o r  42-100 mm and 120-150 mm 
sh rim p , r e s p e c t iv e ly .  A t 28 C, th e  s lo p e  f o r  42-100 mm P. a z te c u s  was
0 .3 2 3 . S lo p es  o f  my hemolymph o s m o la l i ty  d a ta  vs s a l i n i t y  a t  33 C f o r  
th e  3 .7  and 6 . 7 -g  P. a z te c u s  a r e  0 .467  and 0 .3 3 2 , r e s p e c t iv e ly .  Thus, 
i t  a p p ea rs  t h a t  a s  te m p e ra tu re s  app roach  en v iro n m en ta l ex trem es , th e  
sh r im p 's  o sm o reg u la to ry  a b i l i t i e s  a r e  im p a ire d , and th e  shrim p te n d s  
tow ard osm oconform ity . However, I  found t h a t  P. a z te c u s  was a b le  to  
m a in ta in  h o m o io sm o tic ity  a t  20 ° /o o  S ov er th e  t e s t e d  te m p e ra tu re s  (F ig . 
1 0 ) , in d ic a t in g  t h a t  a t  a  h ig h  te m p e ra tu re  (33  C) and a  m oderate s a l i n ­
i t y ,  th e  s h r im p 's  o sm o reg u la tio n  i s  n o t a d v e rs e ly  a f f e c t e d .  T h e re fo re , 
shrim p may be b e t t e r  r e g u la to r s  a t  s l i g h t l y  hy p o to n ic  s a l i n i t i e s  th an  
a t  s l i g h t l y  h y p e r to n ic  s a l i n i t i e s .
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Of a l l  th e  f a c to r s  in v e s t ig a te d ,  te m p e ra tu re  was found to  be  th e  
m ost i n f l u e n t i a l  on th e  sh r im p 's  oxygen consum ption r a t e ,  and s a l i n i t y  
was found to  be th e  m ost i n f l u e n t i a l  on i t s  o sm o reg u la tio n . P. a z te c u s  
i s  c o n s id e re d  an o sm o re g u la to r, b u t i t s  hemolymph o s m o la li ty  in c re a s e d  
a b o u t 80 mOsm a s  th e  e x te r n a l  s a l i n i t y  in c re a s e d  ab o u t 300 mOsm. Thus, 
th e  osm otic  d i f f e r e n c e  betw een th e  hemolymph and th e  am bien t s a l i n i t y  
i s  n o t a s  g r e a t  a s  i t  would be i f  P. a z te c u s  m a in ta in ed  a  c o n s ta n t  hemo­
lymph o s m o la li ty , and th e  energy  n e c e s sa ry  f o r  o sm o reg u la tio n  i s  r e ­
duced . The l a r g e s t  d i f f e r e n c e  betw een th e  e x te r n a l  and i n t e r n a l  osmo- 
c o n c e n tra t io n  was 306 mOsm a t  10 ° /o o  S (T ab le  1 4 ), b u t in c re a s e d  energy  
demands n e c e s sa ry  f o r  o sm o reg u la tio n  were n o t observed  i n  th e  sh rim p Js 
oxygen consum ption. T h e re fo re , th e  energy  n e c e ssa ry  f o r  o sm o reg u la tio n  
a t  th e  t e s t  s a l i n i t i e s  must be r e l a t i v e l y  sm all compared to  th e  av erag e  
r o u t in e  oxygen consum ption. I f  th e  t e s t  c o n d itio n s  had in c lu d e d  th e  
p h y s io lo g ic a l  to le r a n c e  l im i t s  o f  s a l i n i t y  and te m p e ra tu re , th en  s a l i n ­
i t y  may have been found to  have an  e f f e c t  on oxygen consum ption r a t e s ,  
and te m p e ra tu re  may have been  found to  have m easurab le  In f lu e n c e s  on 
o sm o re g u la tlo n .
B eing e u ry h a lin e  and e u ry th e rm a l, P. a z te c u s  can u t i l i z e  th e  e s tu ­
a r i e s  to  a  maximum d e g re e . A lthough I  found ev idenae  s u g g e s tin g  th a t  
th e  l a r g e r  shrim p can r e g u la te  h y p o -o sm o tic a lly  to  a  b e t t e r  d eg ree  th an  
th e  s m a lle r  sh rim p , th e  s m a lle r  shrim p can r e a d i ly  grow and s u rv iv e  G ulf 
s a l i n i t i e s .  Thus, d u rin g  a  y ear when shrim p p o p u la tio n s  a r e  u n u su a lly  
h ig h , shrim p can em ig ra te  from  th e  e s tu a r i e s  to  more h o s p i ta b le  G ulf 
w a te rs  a t  a  s i z e  l e s s  th an  th a t  o f  shrim p d u rin g  av erag e  p o p u la tio n  
y e a r s .  T h is  may red u ce  c o m p e titio n  in  th e  n u rse ry  a re a s  (P a rk e r  1970) 
and r e s u l t  in  h ig h e r  e s tu a r in e  shrim p p ro d u c tio n . The s u i t a b i l i t y  o f
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e s tu a r i e s  a s  n u rs e ry  grounds f o r  shrim p r e s u l t s  from s e v e r a l  im por­
t a n t  f a c to r s  such a s  food  abundance ( Z e in -E ld in  1963)» p r o te c t io n  
(Hoese I9 6 0 ) , absence  o f  c o m p e titio n  between ju v e n i le s  and a d u l t s ,  
and to  a  l e s s e r  d e g re e , th e  sh r im p 's  o sm o reg u la to ry  a b i l i t i e s .
Recommendations f o r  f u r t h e r  r e s e a rc h  
The oxygen consum ption r e s u l t s  o b ta in e d  from t h i s  in v e s t ig a t io n  
show t h a t  th e  s h r im p 's  a c t i v i t y  can e a s i l y  o v e r r id e  tre a tm e n t 
e f f e c t s .  F o r f u tu r e  t e s t s  i t  i s  im p o rta n t to  d ev e lo p  and s ta n d a rd ­
iz e  a  p ro ced u re  i n  which th e  s h r im p 's  a c t i v i t y  can be c o n tr o l le d  
o r  h e ld  to  a  minimum d u r in g  t e s t s .  T h is  may be approached  from 
a  b e h a v io ra l  a s p e c t ,  a  p h y s ic a l  change in  th e  t e s t  cham ber, and 
(o r )  a  new t e s t i n g  p ro c e d u re . I f  th e  shrim p a re  p ro v id ed  w ith  some 
s u b s t r a t e  in  th e  t e s t  chamber d u r in g  t e s t s ,  th e n  t h e i r  a c t i v i t y  
may be g r e a t ly  re d u c ed , and th e  tim e  n e c e s sa ry  to  a c c lim a te  them 
to  th e  t e s t  chamber may be sh o r te n e d .
I f  a c t i v i t y  can be m inim ized , th e n  I  would r e in v e s t i g a t e  th e  e f f e c t s  
o f  s a l i n i t y  on th e  oxygen consum ption and o sm o reg u la tio n  o f P. 
a z te c u s . T e s t  s a l i n i t i e s  would ran g e  from  3 ° /o o  to  **5 ° /o o  and 
in c lu d e  15» 20 , and 25 °/oo. T h is  ch o ice  o f  s a l i n i t i e s  in c lu d e s  
extrem e hypo- and hyperosm otic  media ajb w e ll a s  s a l i n i t i e s  j u s t  
below , eq u al t o ,  and above th e  20 ° /o o  c o n c e n tra t io n  a t  which d i f ­
f e r e n t  r a t e s  o f  oxygen consum ption w ere found f o r  th e  3 .7  and 6 . 7 -g  
Penaeus a z te c u s .
K hlebovich  (1968) p o in ts  o u t t h a t  th e re  i s  a  d i s c o n t in u i ty  be­
tween th e  C aiC l io n  r a t i o  a s  th e  s a l i n i t y  ap p ro ach es  5 ° /o o , 
and G unter e t  a l .  (196*0 d is c u s s  th e  p re fe re n c e  o f  ju v e n i le  P. 
s e t l f e r u s  f o r  s a l i n i t i e s  below  10 ° /o o  and t h a t  o f  ju v e n i le  P. 
a z te c u s  f o r  s a l i n i t i e s  betw een 10 and 18 ° /o o .  G unter e t  a l .
(196*0 c i t e  r e p o r t s  o f  b o th  o c c u r r in g  i n  w a te rs  o f  l e s s  th an  
1 ° /o o  S . The e f f e c t s  o f  th e  io n  r a t i o  d i s c o n t in u i ty  betw een
5 and 8 ° /o o  S on th e  oxygen consum ption and o sm o reg u la tio n  o f  
ju v e n i le  P. s e t l f e r u s  and P. a z te c u s  sh o u ld  be in v e s t ig a te d .  The 
t e s t  t r e a tm e n ts  cou ld  in c lu d e  sea w a te r  d i lu te d  i n  such  a  manner 
t h a t  th e  C aiC l io n ic  r a t i o s  a r e  more d i l u t e  th a n , a p p ro x im a te ly  
e q u a l t o ,  and more c o n c e n tra te d  th an  th e  5~8 ° /o o  S i n  q u e s tio n .
The P etro leum  R e f in e r ie s  E nv ironm en ta l C ouncil o f  L o u is ia n a  R esearch  
L a b o ra to ry  on th e  campus o f  th e  L o u is ia n a  S ta te  U n iv e r s i ty ,  B aton 
Rouge has a  M is s is s ip p i  R iv e r w a te r fo rm u la  w hich s im u la te s  f r e s h ­
w a te r io n  co m p o sitio n s; m o d if ic a t io n s  o f t h i s  fo rm u la  co u ld  be used  
in  o b ta in in g  v a r io u s  C aiC l io n  r a t i o s .  P re lim in a ry  in v e s t ig a t io n s  
sh o u ld  d e te rm in e  i f  e i t h e r  s p e c ie s  can be a c c lim a te d  to  th e  " f r e s h ­
w a te r” io n  r a t i o s .  I f  th e  shrim p can n o t be a c c lim a te d  to  them , th en
th e  tre a tm e n ts  sh o u ld  in c lu d e  d i lu te d  sea w a te r  s a l i n i t i e s  sp ik ed  
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w ith  Ca to  p ro v id e  known f r e s h w a te r  Ca:Cl io n  r a t i o s .
I n d i r e c t  c a lo r im e try  c a lc u la t io n s  u sed  to  o b ta in  r o u t in e  r e s p i r a ­
t i o n  energy  e x p e n d itu re s  p ro v id ed  o n ly  a  p o r t io n  o f  th e  s h r im p 's  
en ergy  b u d g e t. To com plete th e  s h r im p 's  energy  b u d g e t, i t s  con­
sum ption and a s s im i la t io n  r a t e s  o f  n a tu r a l  food  a s  w e ll a s  i t s  
consum ption r a t e  in  v i t r o  o f  p re p a red  d i e t s  need to  be a s s e s s e d .
In  a d d i t io n ,  i t s  n i t ro g e n  e x c re t io n  r a t e s  i n  th e  f i e l d  and in  th e  
la b o r a to r y  need to  be o b ta in e d . F ie ld  and la b o r a to r y  grow th r a t e s  
a re  known ( F o r s t e r  and B eard 197^5 S t .  Amant e t  a l .  1966; Z e ln - 
I l d i n  and Meyers 1973), and an e s tim a te  o f r o u t in e  energy  expend i­
tu r e s  i s  p ro v id ed  in  t h i s  p ap e r . T h e re fo re , w ith  knowledge o f  th e  
consum ption , a s s im i la t io n ,  and e x c re t io n  r a t e s ,  th e  sh rim p ’s energy  
budget in  th e  f i e l d  and la b o ra to ry  can be ap p ro x im ated . The ca ­
l o r i c  c o n te n t o f  w et w e ig h t, d ry  w e ig h t, and a s h - f r e e  d ry  w eigh t
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o f  a l l  s i z e  c la s s e s  o f  shrim p needs to  be d e te rm in ed  to  p ro v id e  
r e l a t i o n s h ip s  o f  th e  sh rim p ’ s  c a lo r i c  c o n te n t w ith  th e  sh rim p ’s 
c a lo r i c  In ta k e  and energy  e x p e n d itu re s . T h is  would p ro v id e  p e r ­
sons i n t e r e s t e d  i n  shrim p c u l tu r e  and th o se  I n t e r e s t e d  in  e s tu a r in e  
en erg y -flo w  s tu d ie s  a  model w ith  which to  work f o r  f u tu r e  in v e s ­
t i g a t i o n s .
Summary
1. A t r e s t ,  th e  s h r im p 's  r a t e  o f  oxygen consum ption i s  in d ep en d en t o f  
oxygen c o n c e n tra t io n s  above 2 ppm. D uring a c t i v i t y ,  th e  sh r im p 's  
r a t e  o f  oxygen consum ption i s  dependen t upon am bien t oxygen a t  a l l  
c o n c e n tra t io n s .
2 . S ig n i f i c a n t  d iu r n a l  oxygen consum ption r a t e  d i f f e r e n c e s  were n o t 
found f o r  6 .7 -g  P. a z te c u s  a c c lim a te d  to  and t e s t e d  a t  20 ° /o o  S 
and 25 C.
3. The oxygen consum ption r a t e s  o f  6 .7 -g  P. a z te c u s  i n  l i g h t  and r e ­
duced l i g h t  were n o t found to  be s i g n i f i c a n t l y  d i f f e r e n t .
4 . W eight s p e c i f i c  oxygen consum ption r a t e s  o f  g roups o f one and two
3 . 7 -g  shrim p w ere n o t found to  d i f f e r  s i g n i f i c a n t l y ;  th o se  o f 
g roups o f  one, two, th r e e ,  and fo u r  6 .7 -g  P. a z te c u s  were n o t found 
to  be s i g n i f i c a n t l y  d i f f e r e n t .
5. The 3 .7 -g  shrim p consumed s i g n i f i c a n t l y  more oxygen p e r u n i t  w eigh t
th a n  d id  th e  6 .7 -g  shrim p a t  20 C, and 3 . 7 -g  shrim p had a  s i g n i f ­
i c a n t l y  h ig h e r  av e rag e  hemolymph o s m o la l i ty  th a n  th e  6 .7 -g  shrim p 
a t  30 ° /o o  S.
6. T e s t te m p e ra tu re s  o f  18, 23» 28, and 33 C w ere found to  s i g n i f i ­
c a n t ly  in c re a s e  P. a z te c u s '  oxygen consum ption r a t e s  a s  tem pera­
t u r e  in c re a s e d ,  b u t s i g n i f i c a n t  te m p e ra tu re  e f f e c t s  on P. a z te c u s ' 
hemolymph o s m o la l i t ie s  w ere n o t found .
7. Hemolymph o s m o la li ty  o f  P. a z te c u s  in c re a s e d  d i r e c t l y  w ith  s a l i n i t y  
a f t e r  a c c l im a tio n  to  10, 20 , and 30 ° /o o  S , b u t s i g n i f i c a n t  s a l i n ­
i t y  e f f e c t s  on P. a z te c u s '  oxygen consum ption r a t e s  were n o t found.
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G lo ssa ry
A n a ly s is  o f v a r ia n c e  (ANOV) -  s t a t i s t i c a l  p ro ced u re  i n  which th e  t o t a l  
s u b  o f  sq u a re s  i s  p a r t i t i o n e d  in to  two o r  more com ponents, each  o f  
w hich i s  a s s o c ia te d  w ith  a  re c o g n iz e d  so u rc e  o f v a r i a t io n .  The 
a ssu m p tio n s  f o r  th e  ANOV a r e  th e  fo llo w in g : l )  th e  tre a tm e n t and
en v iro n m en ta l e f f e c t s  a r e  a d d i t iv e ;  2) ex p e rim en ta l e r r o r s  a r e  r a n ­
dom, in d e p e n d e n tly  and n o rm ally  d i s t r i b u t e d  ab o u t a  z e ro  mean and 
w ith  a  common v a r ia n c e .
A rrangem ent -  a  method used  i n  e x p e r im e n ta tio n  to  combine l e v e l s  o f 
one o r more f a c to r s  to  p roduce th e  t o t a l  number o f  tre a tm e n t com­
b in a t io n s  employed i n  th e  ex p erim en t.
B lock -  a  method used  in  s t a t i s t i c s  to  remove a  re c o g n ize d  so u rc e  o f 
v a r i a t i o n  among th e  e x p e r im en ta l u n i t s .  T h is  i s  accom plished  by 
g ro u p in g  th e  e x p e r im en ta l u n i t s  i n to  homogeneous g roups (b lo c k s )  
such  t h a t  th e  d i f f e r e n c e s  among groups a r e  g r e a te r  th an  d i f f e r e n c e s  
w ith in  any one group . The number o f  ex p e rim en ta l u n i t s  i n  a  group 
e q u a ls  th e  number o r  a  m u lt ip le  o f  th e  number o f  t re a tm e n ts  b e in g  
t e s t e d .  V a r i a b i l i t y  among b lo c k s  does n o t a f f e c t  d i f f e r e n c e s  aaong 
tre a tm e n ts  b ecause  each  t r e a tm e n t a p p e a rs  an  eq u al number o f  tim es 
i n  ev ery  b lo ck .
C -s ta g e  -  a  s ta g e  o f  th e  m olt c y c le  o f  c ru s ta c e a n s  in  which th e  exo­
s k e le to n  i s  h a rd  and d u r in g  w hich m ajor accu m u la tio n  o f  o rg a n ic  
r e s e rv e s  o c c u rs ; a l s o  known a s  th e  ln te r m o l t  s ta g e .
C om pletely  random ized d e s ig n  -  a  d e s ig n  in  which th e  tre a tm e n ts  a r e  
a s s ig n e d  co m p le te ly  a t  random to  ex p e rim en ta l u n i t s .  The e x p e r i­
m ental u n i t s  a r e  assumed to  be e s s e n t i a l l y  homogeneous, i . e . ,
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little or no recognized source of variation.
C ro es-o v er d e s ig n  -  a  d e s ig n  in  which th e  e f f e c t s  o f  th e  o rd e r  o f 
t e s t i n g  a r e  removed from  th e  e r r o r  v a r ia n c e .
D esign -  r u l e s ,  p ro c e d u re , o r  r e s t r i c t i o n s  used  in  a s s ig n in g  e x p e r i­
m en ta l u n i t s  to  t r e a tm e n ts .
E cd y sis  -  th e  p ro c e ss  o f  a r th ro p o d s  sh ed d in g  t h e i r  o u te r  in teg u m en t.
E x u v ia tio n  -  synonym f o r  e c d y s is .
F a c to r i a l  a rrangem ent -  an  a rran g em en t where th e  same l e v e l s  o f  f a c to r  
2 ap p ea r w ith  each l e v e l  o f  f a c to r  1.
Hemolymph -  th e  body f l u i d  o f  th e  C ru s tac e a  c o n s is t in g  o f b lood  a s  
w e ll a s  ly m phatic  f l u i d s .
H1q -  r a t i o  o f  a  c r u s ta c e a n 's  hemolymph c o n c e n tra t io n  m easured a t  a  
s a l i n i t y  (S + 10 ° /o o  S) to  t h a t  m easured a t  s a l i n i t y  S . U se fu l in  
i n t r a -  and i n t e r s p e c i f i c  com parisons o f  o sm o reg u la to ry  a b i l i t i e s  and 
i n  com parisons o f  a c c lim a tio n  r a t e s  to  chang ing  s a l i n i t i e s ,  ^ q ' 8 
a r e  n o t to  be con fused  w ith  Q^q i s  th e  f a c t o r  by which a
r e a c t io n  v e lo c i ty  in c r e a s e s  w ith  a  10 C te m p e ra tu re  in c r e a s e .
o r i g i n a l l y  d e f in e d  i n  t h i s  p ap er by B ishop.
Homoiotherm -  s a id  o f  am amimal whose warm body te m p e ra tu re  i s  r e l a ­
t i v e l y  c o n s ta n t and in d ep en d en t o f  en v iro n m en ta l te m p e ra tu re .
Iso 8 m o tlc  -  term  a p p lie d  to  s o lu t io n s  which have eq u a l osm otic  con­
c e n t r a t io n s .
I s o t o n i c i t y  l i n e  -  l i n e  a lo n g  which th e  osm otic  c o n c e n tra t io n s  o f  th e  
e x te r n a l  and th e  i n t e r n a l  media change e q u a lly .
N a ta n tia  -  su b o rd e r o f  th e  O rder D eacpoda, c o n ta in in g  th e  sh rim ps; 
body i s  g e n e r a l ly  l a t e r a l l y  com pressed w ith  a  w e ll developed  abdo­
men ( n a ta n t  ■=> swimming).
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Osmole -  a  g ran  m o lecu lar w e ig h t o f  o s m o tic a lly  a c t i v e  p a r t i c l e s  in  
1000 g w a te r ; one osmole low ers th e  f r e e z in g  p o in t  o f  a  s o lu t io n  
1 .8 6  C. A pproxim ately  29 .28  mOsm a r e  e q u iv a le n t  to  1 ° /o o  S.
Oemoconformer -  term  a p p lie d  to  an  an im al whose b o d y - f lu id  o sm o la li ty  
may change w ith  a  o s m o la li ty  change in  th e  e x te r n a l  medium.
O sm oregulator -  term  a p p lie d  to  an an im al whose b o d y - f lu id  o sm o la li ty  
rem ains r e l a t i v e l y  c o n s ta n t w ith  an  o s m o la li ty  change in  th e  ex­
t e r n a l  medium.
Oxygen conform er -  term  a p p lie d  to  an an im al whose oxygen consum ption 
i s  p ro p o r t io n a l  to  th e  en v iro n m en ta l oxygen c o n c e n tra t io n .
Oxygen r e g u la to r  -  term  a p p lie d  to  an an im al whose oxygen consum ption 
i s  r e l a t i v e l y  c o n s ta n t  a s  oxygen c o n c e n tra t io n  i s  red u ced  to  some 
c r i t i c a l  p re s s u re ,  below which i t s  oxygen consum ption d e c l in e s  
r a p id ly .
P h o to p e rio d  -  a  c y c le  c o n s is t in g  o f  a  l i g h t  and d a rk  phase .
Photophase -  l i g h t  p o r t io n  o f a  p h o to p e rio d .
P o ik ilo th e rm  -  s a id  o f  an im als  whose body te m p e ra tu re  v a r ie s  w ith  
en v iro n m en ta l te m p e ra tu re s .
Randomized b lo ck  d e s ig n  -  a  d e s ig n  in  which h e te ro g e n e ity  I s  re co g n ized  
among th e  ex p e rim en ta l u n i t s ,  and u n i t s  o f  s im i la r  makeup a re  grouped 
i n to  b lo c k s i u n i t s  w ith in  b lo c k s  a r e  random ly a ss ig n e d  to  tre a tm e n ts .
R e p l ic a t io n  -  a  com plete r e p e a t  o f  a l l  tre a tm e n t co m b in a tio n s.
S co tophase  -  d a rk  p o r t io n  o f a  p h o to p e rio d .
S p l i t - p l o t  a rrangem ent -  a  s t a t i s t i c a l  p ro ced u re  in  which ex p e rim en ta l 
u n i t s  a re  a ss ig n e d  a t  random to  l e v e l s  o f  a  f a c to r  "A" and a  f a c to r  
"B" i s  in c lu d e d  by su b d iv id in g  each  ex p e rim en ta l u n i t  i n to  p a r t s  and 
random ly a s s ig n in g  l e v e l s  o f  f a c to r  "B" w ith in  each u n i t .
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Com position o f c ru s ta c e a n  d i e t  2 l - 5 /? 2  A
Component P e re e n t
Shrim p mean ( vacuum -dri ed) 3 1 .5
F ish  meal 8 .0
Soy p r o te in 3 .0
R ice  b ran 3 ^ .0
Whey 5 .0
S ta rc h 1 0 .0
V itam in mix 2 .0
L e c ith in 1 .0
F is h  s o lu b le s 2 .0
A lg in a te * 2 .5
Na hexam etaphosphate 1 .0
♦K elgin  HV (K elco C o rp .)
P rox im ate  a n a ly s is !  p ro te in  2 9 .^ 5  f a t  d.0%;
f i b r e  8.5^1 m o is tu re  a sh  18.236; calc ium
3 . 9^5 phosphorus 2 ,2%.
1(*
Appendix 2. Oxygen consum ption d a ta
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Oxygen consum ption d a ta :  
D iu rn a l e f f e c t s
D iu rn a l t e s t s  
6 . 7 k Penaeus a z te c u s 25 C-20 0/00 S Flow 2 .322 l i t e r s  h r  ^
Date o f 
experim ent Time Length (mm)-Sex W eight(g)
Tim e-hr p e rio d s  
0630 0930 1230 1530 1830 2130 0030 0330 
0930 1230 1530 1830 2130 0030 0330 0630
23-21* J u ly 091*5-1218 97 % 7 .06 0.32  0 .30  0 .24  0 .30  0 .47  0 .43  0 .42  0 .37
25-26 Ju ly 0900-0905 95 # 6 .10 0 .18  0 .48  0 .32  0 .18  0 .3 7  0 .34  0 .32  0 .33
27-28 J u ly 1010-1000 100 S- 7 .26 0 .3 8  0 .14  0 .1 6  0 .18  0.21 0 .18  0 .15  0 .20
29-30 J u ly 0917-0911 96 % 6.32 0 .49  0 .39  0.41 0.26  0 .30  0 .34 0 .40  0.41
31 J u ly -  
01 Aug 0855-0915 93 % 5 .89 0 .1 7  0 .18  0 .22  0 .12  0 .32  0 .23  0 .28  0 .28
02-03 Aug 0845-0840 96 % 6 .6 6 0 .2 5  0 .13  0 .14  0 .16  0 .25  0 .29  0 .28  0 .28
oo\
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Oxygen consum ption d a ta :  
L ig h t ,  reduced  l i g h t  e f f e c t s
Light tests .
6.7-g Penaeus aztecus 25 C-20 /oo S Flow 2.322 liters hr
D iffe re n c e  between oxygen
Date o f  probes(ppm ) 15-min p e rio d  .
experim ent Time 1 2  3 4  &ve Length(mm)-Sex W eight(g) mg 0£^g wet
14 J u ly  0800-1000 - .................  0 .51 0 .59  O.55  100 ? 7.74  0 .17
14 J u ly  1020-1230   0 .48  0 .3 7  0 .43  95 ? 6 .28  0 .16
14 J u ly  1310-1510   0 .90  0 .93  0 .92  9? e? 6 .27  O.34
14 J u ly  1545-1740   0 .63  0 .54  0 .59  97 ?  7.31 0 .19
17 J u ly  0905-110?   0 .73  0 .75  0 .74  95 % 6 .80  0 .25
1? J u ly  1130-1328   1 .02  0 .9 5  0 .99  89 <f 5 .30  O.43
17 J u ly  1347-1547   0.51 0 .48  0 .50  9 2 £  5 .73  0 .20
§
Reduced-light tests
6.7-g Penaeus aztecus 25 C-20 /oo S Flow 2.322 liters hr
D iffe re n c e  betw een oxygen
D ate o f probes(ppm ) 15-min p e rio d  ^
experim ent Time 1 2  3 ^  ave Length(mm)-Sex W eight(g) mg O^Cg wet w t-h r)
15 J u ly  0730-0930   0 .^ 2  0 .33  0 .3 8  100 ? 7 .74  0.11
15 J u ly  0950-1205   0 .40  0 .39  0 .4 0  95 ? 6 .28  0 .15
15 J u ly  1220-1420 - ................-  O.54  0 .44  0 .4 9  95 3  6 .27  0 .18
4 5 J u ly  1440-1640 --------------  0 .55  0 .54  0 .5 5  97 ? 7.31 0 .17
16 J u ly  0925-1119   0 .63  O.58  0 .61  9 5 ?  6 .80  0.21
16 Ju ly  1140-1339 —..............-  0 .4 7  0 .5 7  0 .52  8 9 *  5 .30  0 .23
16 J u ly  1410-1613   0 .38  0 .3 7  0 .3 8  93 ?  5 .73  0.15
Oxygen consum ption d a ta :  
Crowding e f f e c t s
One-shrimp tests 0
3.7-g Penaeus aztecus 25 C-20 /oo S Plow 2.322 liters hr
D iffe re n c e  betw een oxygen 
Date o f probes(ppm ) 15-min p e rio d
experim ent Time 1 2  3 4 ave Length(mm)-Sex W eight(g) mg 02(g  wet w t»hr)~
26 June 0840-1045  -  0 .8 ?  0 .8 7  0 .8 7  79 * 3 .50  0 .58
26 June 1335-1535   1 .1 ^  l . U  1 .1 3  8 0 ?  3 .94  0 .6 7
01 J u ly  1255-1515   0 .5 3  0 .5 7  0 .55  8 0 ?  3 .83  0 .33
02 J u ly  0730-0930 —  ------  0 .82  0 .6 9  0 .7 6  80 <f 3 .72  0 .47
02 J u ly  0950-1210  —  0 .29  0 .2 5  0 .2 7  77 <? 3 .60  0 .17
02 J u ly  1220-1420   0 .81  0 .8 0  0 .81  76 <? 3 .24  O.58
02 J u ly  1425-1625   0 .9 6  0 .9 5  0 .9 6  76 <f 3 .40  0 .66
02 J u ly  1645-1850 —...............  0 .71 0 .8 3  0 .7 7  77 « 3.61 0 .50
Two-6hrimp tests Q
3.7-g Penaeus aztecus 25 C-20 /oo S Flow 2.322 liters hr
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2 3 4 a r e Length(mm)-Sex W eight(g) mg 02(g  wet w t .h r ) ”1
80 % 3 .99
03 J u ly 0850-10W --------------  1 .40  1 .72  1 .56 80 cT 3.83
7752 0 .4 6
76 ^ 3.39
03 J u ly 1055-1253 ...............— 1 .48  1 .39  1 M 76 tf 3 .71
7.10 0 .47
77 <? 3.62
03 Ju ly 1315-1515 --------------  1 .17  1 .2 7  1 .22 80 ^ 3.99
7T0I 0 .37
78 <f 3.51
08 J u ly 0740-0936 - ...............-  1 .82  1 .69  1 .76 78 %
7.22 0 .57
76 <? 3.42
08 J u ly 0945-1143 --------------  I .30  0 .98  1 .14 78 * 3.61
7 .03 0.38
75 <? 2.98
08 J u ly 1200-1400 ...................  0 .42  0 .4 9  0 .46 78 % 3.74
6.72 0 .16
79 J 3 .72
08 Ju ly 1415-1600 ...................  2 .04  1 .65  1 .85 80 3 .90
7762 0 .56
80 <? 4 .0 0




6.7-g Penaeus aztecus 25 C-20 °/oo S Flow 2.322 liters hr *
D iffe re n c e  betw een oxygen
Date o f  probes(ppm ) 15-min p e rio d  «
experim en t Time 1 2  3 ^  ave Length(mm)-Sex W eight(g) mg 0 (g  wet w t*hr)~
14 June 0918-1118   0 .69  0 .5 6  0 .63  9 3 $  6 .10  0 .24
14 June 1135-1330 - .................. 1 .5 9  1 .55  1 .5 7  95 <f 6 .34  O.58
14 June 1340-1606 — .............  0 .61 O.63  0 .62  97 tf 6 .97  0.21
15 June 1045-1240   0 .8 2  0 .6 7  0 .7 5  95 *  6 .67  0 .26
15 June 1252-1452  -  1 .1 7  0 .7 8  0 .9 8  95 *  7 .16  0 .32
17 June 1000-1226   0 .6 6  0 .7 0  0 .6 8  97 % 7 .02  0 .22
17 June 1240-1436 —   0 .71 O.69  0 .7 0  94 *  6 .48  0 .25
17 June 1457-1707 —................ 0 .84  0 .81  0 .83  94 % 6 .76  0 .29
Two-shrimp tests
6.7-g Penaeus aztecus 25 C-20 ° / o o S Flow 2.322 liters hr"1
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2 3 4 ave Length(mm) -Sex W eight(g) mg w et w t*hr) 1






18 June I I I O - I 309 ...................  1 .60  2 .5 7  2 .09
90 <? 
9 4 9
5 .76  
6.28  
12 . 0^ 0 .40




7 . I 5
13 .56 0 .48
19 June 0700-0855 --------------  1.71  2 .1 5  1 .93
91 <?
96%
5 .95  
6.85  
12 . SO 0 .35





13 .25 0 .36




i f * 0 .36





13 .2* 0 .39
10 J u ly 1050-1300 ...................  1 .78  1 .5 6  1 .67




lk .O ? 0 .28
Three-shrimp tests .
6.7-g Penaeus aztecus 25 C-20 /oo S Flow 2.322 liters hr
D iffe re n c e  betw een oxygen
Date o f probes(ppm ) 15-mln p e rio d  *
experim ent Time 1 2  3 4 ave Length(mm)-Sex V e ig h t(g ) mg 0g(g  wet w t .h r ) -
_  ^ 1 2
9 4 *  6 .40
20 June 0840-1040   3 .68  2 .9 9  3-34 95 * 6 .60
197T2 0.41
94* 6.11
98 <f 6 .79
20 June 1230-1435  -  2 .6 7  2 .9 3  2 .80  9 8 * 8 .00
20 .90  0.31
91 f  6 .12
94*- 6 .77
21 June 0815-1020   2 .7 7  2 .9 5  2 .8 6  95 1  7 .07
19796 0 .33
90 <f 5 .46
9 2 1  5 .94
21 June 1215-1415   1 .92  1 .82  1 .8 7  9 3 1  6^36
17775 0 .24
93 9. 6 .24
94 9, 6 .34
09 J u ly  1000-1200   3 .27  3 .13  3 .20  95 6  ̂63
19721 0.39
931- 6 .16
9 3 1  6 .64
09 J u ly  1220-1420 — .............  3 .73  3 .59  3 .66  9 8 1  7.88
2 0 5  0.41
co n tin u ed
Three-shrimp tests continued Q
6 . 7 - g  Penaeus aztecus 25 C-20 /oo S Flow 2.322 liters hr
Date o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 ^  ave Length( mm) -S ex W eight(g) mg we^ wt* h r )  ^
09 J u ly 1440-16^0 ...................  3 .79  3 .88  3.8^-
9 ^  
9 5 %
6.60  
6 .79  
6 .23  
19.72 0.k5
10 J u ly 0820-1025 --------------  2 .7 6  1 .82  2 .29









6.7-g Penaeus aztecus 25 C-20 °/oo S Flow 2.322 liters hr"1
D iffe ren ce  between oxygen
Date of probea( ppm) 15 -a in  period 1
experim ent Time 1 2 3 ^  ave Length(mm)-Sex Weight(g) mg 02(g  wet w t.h r)
91 * 5.71
93 % 6 .53
9 4 * 6.44
11 J u ly 061*5-0850 ...................  3 .61  3 .56  3 .59 96 <? 6 .72
25.40 0 .33
9 3 * 6 .26
95% 6.30
9 5% 6 .73





11 Ju ly 1210-1413 --------------  3 .99  3 .02  3.51 95% 6t 88




11 J u ly 1450-1650 - ...............-  2 .61 2 .8 5  2 .73 1 0 0% 7,32
24 .66 0 .25
118
Oxygen consum ption d a ta i  
A c t iv i ty  e f f e c t s
6 .7 - r Penaeus a z te c u s 25 C-20 ° /o o  S Flow 2 .322 l i t e r s  h r  ^
D ate o f 
experim ent Time
D iffe re n c e  betw een 
oxygen probes(ppm ) Length(mm)-Sex W eight(g) ° 2(«  wet w t* h r)-1
R es t 
25 J u ly 0 .36 95 4 6.10 0.14
27 J u ly 0 .36 100* 7 .26 0 .12
29 J u ly 0 .35 9 6 % 6 .32 0 .13
31 J u ly 0 .28 93 « 5 .89 0.11
A ctiv e  
05 Aug 1911-1938 1 .85 96 * 6 .84 0.63
05 Aug 2001-20*5 I .05 92 % 5.92 0.41
05 Aug 2101-2145 1.40 90% 5 .44 0.60
05 Aug 2201-2250 1.65 9 6 % 6 .37 0.60
Oxygen consum ption d a ta :
S iz e ,  s a l i n i t y ,  te m p e ra tu re  e f f e c t s
3.7-g Penaeus aztecus 18 C-10 °/oo S Plow 2.149 liters hr'1
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-min p e rio d  
1 2 3 4 ave Length(mm)-Sex W eight(g) mg 0g(g  wet w t-h r)







5 3 0 0.31


















8 .2 5 0 .13





7 .45 0 .16





7 3 4 0.24





O o 0 .19
13 Nov 0817-1017 1 .02  1 .04  0 .8 7  0 .7 3  0 .92





3.7-g Penaeus aztecua 23 C-10 °/oo S Flow 2.242 liters hr"1
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 4 ave Lengt h( mm) -S ex W eight(g) mg 02(g  wet w t .h r ) " 1





8 .35 0 .53





5 .79 0 .79




















3 .96  
7 .92 0 .26













3 .7 - k Penaeus a z te c u s 28 C-10 C’/o o  S Flow 2 .278 l i t e r s  h r ' 1
D ate o f 
experim en t Time
D iffe re n c e  betw een oxygen 
p ro b es(p p a) 15-m in p e rio d  
1 2 3 4 ave Length ( nun ) -S ex W eight(g) mg Og(g wet w t .h r ) " 1






















*-*■ * 4 .3 3
4 .6 6
8 .99 O.56



















02 Jan 1210-1359 1 .7 7  1 .73  1 .78  1 .63  1 .73





3 .7 - k Penaeus a z te c u s 33 C-10 C) / 0 0  S Plow 2 .519  l i t e r s  h r  1
Date of 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-min p e rio d  
1 2 3 4 ave Length(mm)-Sex W eight(g) mg 02(g  wet w t .h r ) " 1
13 Jan 1417-1615 1 .87  1 .89  1 .9 6  1 .7 7  1 .87
7 7% 
78<l
3 .50  
3 .36  
6,06 0 .69
1$ Jan 0753-09^9 2 .3 9  2 .3 5  2 .30  2 .2 9  2 .33










7 .62 0 .70




O 4 .1 8
4 .9 8
97 l2 0 .58


















16 Jan 1208-1415 1 .6 5  1 .7 7  1 .4 3  1 .58  1.61





3.7-g Penaeus aztecus 18 C-20 °/oo S Flow 2.126 liters hr-1
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d
1 2  3 ^  ave Length(mm)-Sex W eight(g) mg 02(g  wet w t .h r ) -1











7 3 5 0 .39











8 .15 0 .35





7 .70 0 .30
31 Oct 1126-1326 1 ,0 9  1 .0 7  0 .98  0 .9 7  1 .03
79 d* 
81%
3 .60  
1*. Ql*
7^ 0 .29












3.7-g Penaeus aztecus 23 C-20 °/oo S Flow 2,210 liters hr 1
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
p robes(ppo ) 15-min p e rio d  
1 2  3 4 aye Length(mm)-Sex W eight(g) mg Og(g wet w t .h r ) -1






12 Dec 1519-1719 1 .5 7  1 .58  1 .5 8  1 .59  1 .58




7 ^ 4 0 .50
13 Dec 1102-1302 1 .49  0 .98  0 .8 3  0 .79  1 .02
7 5 *  
79 *
3 .03  
3.81 
6 .84 0 .33






14 Dec 0910-1100 1.31 1 .37  1 .0 5  0 .63  1 .09




P f 0 .29





7 M 0 .54





0 9 0 .43







3.?-g Penaeus aztecus 28 C-20 °/oo S Flow 2.357 liters hr 1
D ate o f  
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 * *  ave Length( mm) -S ex W eight(g) mg 02(g  w et w t .h r ) ”1
26 Dec 1455-1656 I .45  1 .7 7  1 .60  1 .3 5  1.5**














3 .5 ?  
6 .68 0 .77





6 .88 0 .53










s i # 0 .32




0 4 .3 0
4 .0 3
8 .33 0 .20





8 .39 0 .38
N>->3
3 .7-fit Penaeus a z te c u s 33 C-20 (3/o o  S Flow 2 .480  l i t e r s  h r ”1
Date o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2 3 4 ave Length( mm) -S ex W eight(g) mg 02(g  wet w t .h r ) ”1











8 .54 0 .54
29 Jan 1225-1424 1 .3 9  1 .33  1 .34  1 .40  1 .37
74S
77 d»
2 .98  
3.28  
6 .26 0.54








% 4 .5 4
IL2Z
9.51 0 .39






















O r 0 .53
3.7-fc Penaeus a z te c u s 18 C-30 C*/oo S Flow 1 .934 l i t e r s  h r ”*
Date o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(pp® ) 15-m in p e rio d  
1 2  3 4- ave Length( mm) -S ex ¥ e ig h t(g ) mg 02(g  wet w t .h r ) ”*





T M 0 .44






08 Oct 1250-1450 1 .9 8  1 .9 5  1 .83  1 .9 8  1 .9^




7 M 0 .50
08 Oct 1507-1709 2 .2 2  2 .2 2  2 .1 8  2 .0 8  2 .1 8





09 Oct 0817-1015 1 .33  1 .26  1 .24  1 .24  1 .27
















t M 0 .19
09 Oct 1450-1650 I .65  1 .50  1 .41 1 .3 4  1 .48




7 .39 0 .39
3.7-g Penaeus aztecus 23 C-30 °/oo S Flow 2.16** liters hr *
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m ln p e rio d  
1 2  3 * *  ave Length(mm)-Sex W eight(g) mg 02(g  wet w t*hr) *











7 .97 0 .29










7 /75 0 .37











6 , 8 6 0 .19




C 92 0 .28







3 .7 - k Penaeus a z te c u s 28 C-30 cVoo S Flow 2 .240 l i t e r 8 h r  *
D ate o f 
experim en t Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 4 ave Length(mm)-Sex W eight(g) mg we* w't , ^r ) *
<? 3.22
06 Jan 1130-1340 1 .34  1 .32  1 .04  1 ,10  1 .20 81 <f 4 .2 6
7 M 0 .36
77 * 3.41
07 Jan 0938-1145 2 .6 6  2 .4 5  2 .21 2 .0 7  2 .35 779, 3 .44
6755 0 .77
79<f 3.83
07 Jan 1152-1357 2 .2 3  1 .99  2 .0 2  2 .01 2 .0 6 81 4 .1 6
7.99 0.58
7 8 * 3 .60
07 Jan 1405-1604 1 .7 0  1 .72  1 .83  1 .82  1 .77 79 <f 3 .59
7 .19 0 .55
8 0 * 3.82
07 Jan 1613-1824 2 .3 7  2 .22  2 .55  2 .64  2 .45 8 5 * 5.09
8.91 0,62
7 7 * 3.29
08 Jan 0637-0839 2 .3 0  2 .0 6  1 .8 5  1 .7 3  1 .99 8 2 * 4 .31
7760 0.59
74 d» 2 .8 ?
08 Jan 0850-1047 2 .02  1 .93  1 .7 7  1 .67  1 .85 75 3jJ 4
K 21 0 .6  7
74 3.02
08 Jan 1055-1255 1 .5 7  1 .55  1 .49  1 .49  1 .53 77 (f 3.34
6 3 0.54
3 .7-g  Penaeus aztecus 33 C-30 °/oo S Flow 2.403 l i t e r s  hr ^
D iffe re n c e  betw een oxygen 
D ate o f  probes(ppm ) 15-min p e rio d
experim en t Time 1 2  3 4 ave Length(mm)-Sex V eig h t(g ) mg 02(g  wet w t.h r ) "




f c S 0.36























8 .7 7 0 .42





d r 0 .29





6 .7-g Penaeus aztecus 18 C-10 0/ oo S Flow 2.149 l i t e r s  hr *
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m ln p e rio d




















mg Og(g w et w t.h r ) -1
13 Nov 1030-1230 1 .30  1 .42  1 .48  1 .4 ?  1 .42
13 Nov 1240-1441 1 .2k  1 .2 0  1 .1 6  1 .0 ?  1 .17
13 Nov 1450-1650 2 .4 0  2 .31  2 .0 3  2 .0 5  2 .20
14 Nov 0956-1212 2 .0 8  1 .9 7  1 .9 0  1 .8 7  1 .96
14 Nov 1219-1420 2 .00  2 .01 2 .0 0  1 .8 9  1 .98
14 Nov 1434-1638 1 .62  1 ,6 6  1 .8 7  1 .5 7  1 .68
15 Nov 1135-1334 2 .0 0  1 .8 7  1 .8 9  1 .7 6  1 .88





























6.7-g Penaeus aztecus 23 C-10 °/oo S Flow 2.242 liters hr ^
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-min p e rio d  
1 2  3 4 ave Length(mm)-S ex Weigh t ( g ) mg O^Cg wet wt* h r )  ^











1 2 . £ 0 .22





























1 5M 0 .3 9
6.7-g Penaeus aztecus 28 C-10 °/oo S Plow 2.378 liters hr *
D iffe re n c e  betw een oxygen
D ate o f  probes(ppm ) 15-min p e rio d  .
experim en t Time 1 2  3 4  ave Length(mm)-Sex W eight(g) mg 02(g  wet w t-h r )"_ —
29 Dec 0834-1025 4 .0 1  3 .95  3 .77  3 .79  3 .88  9 7<f 7 .03
12796 0.71
88cf 5.12
29 Dec 1035-1228 2 .2 9  2 .10  2 .01 I .87  2 .0 7  90d* 5.57
10769 0 .46
94<f 6 .35
29 Dec 1237-1430 3.40 3 .47 3.18 1.87 2 .9 8 95% 6.49
1 0 4  0 .55
94cf 6 .01
29 Dec 1439-1634 2 .31  2 .09  1 .6 0  1 .9 5  1 .9 9  93 *  6 .16
12.17  0 .39
9 5 *  6.69
30 Dec 1104-1310 3.13 2.71 2 .53 2 .36 2 .68 95o* 6.69
T3T38 0.48
95t f  6.15
30 Dec 1316-1510 1 .58  1 .42  1 .34  1 .62  1 .49  100*  8 .03
1 U 8  0 .25
93cf 5 .64
02 Jan  1410-1613 3 .14  3 .25  2 .9 9  2 .7 8  3 .04  1 0 8 *  10.00
15737 0 .46
6.7-g Penaeua aztecus 33 C-10 % o  S Flow 2.519 liters hr *
D ate o f 
experim en t T ise
D iffe re n c e  betw een oxygen 
probes(ppm ) 15- s i n  p e rio d  
1 2 3 4 ave Length(mm)-Sex W elght(g) mg Og(g wet w t .h r ) -1
12 Jan 1328-1535 4 .3 6  4 .4 2  4 .3 0  4 .4 0  4 .3 7
929.
95
5 .63  
6.51 
12 .34 0 .89
12 Jan 1544-1750 3 .50  3 .35  3 .4 2  3 .41 3 .42
9 3 *
9 5 *
6 . 2** 
6 . 9O 
13. & 0,66




































6.7-g Penaeus aztecus 18 C-20 °/oo S Flow 2.126 liters hr-*
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 4 ave Length(mm)-Sex W eight(g) mg 02(g  wet w t.h r )  1





11 . 0k 0.20




























7 0 8  
13.55 0 .23






6 . 7-cr Penaeue a z te c u s 23 C-20 (Voo S Plow 2 .210 l i t e r s  hr~*
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 4 av© Length(mm)-Sex ¥ e ig h t(g ) mg 0g (g  wet w t-h r )"1





12 . 6 2 0.31




































6.7-g Penaeus agtecua 28 C-20 °/oo S Flow 2.357 liters hr"1
D ate o f 
experim en t Time
D iffe re n c e  betw een oxygen 
p ro b es(p p a) 15-min p e rio d  
1 2 3 4 ave Length(am )-Sex W eight( g) mg Og(g wet w t.h r)"*












2k Dec 1158-1405 2 .3 6  2 .02  2 .4 0  2 .70  2 .3 7




























1 ^ .& 0.23






6.7-g Penaeus aetecus 33 C-20 °/oo S Flow 2.W O  liters hr"1
D ate o f 
experim ent Time
D iffe re n c e  between oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 4 ave Length(mm)-Sex W eight(g) mg Og(g wet w t .h r ) " 1












09 Feb 0709-0914 1 .85  1 .75  1 .85  2 .5 6  2 .00































6,7-g P«»na.euB aztecus 18 C-30 /oo S Flow 1.93̂  liters hr
D ate o f 
experim en t Time
D iffe re n c e  betw een oxygen 
probee(pp«) 15-m in p e rio d  
1 2  3 ^  ave Length( mm) -S ex W eight(g) mg 02(g  wet w t* h r)-1
01 Oct 0945-1145 1.71 1 .59  1 .50  1 .41  1 .55
9 0 ^
100d*
5 .58  
7.81 
13.39 0 .22
















1 3 . ^ 0 .28
02 Oct 1130-1332 1.71 1 .82  1 .34  0 .9 6  1 .46









l % & 0 .25
02 Oct 1600-1806 2 .0 7  1 .67  1 .42  1 .7 5  1 .73











6.7-g Pe"»eus agtecus 23 C-JO /oo S Flow 2,16k liters hr
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2  3 4 ave Length(mm)-Sex W eight(g) mg 02(g  wet w t .h r ) " 1










11 .7? 0 ,66





























18 Dec 1332-1530 2 .36  2 .16  1 .60  I .50  1 .91
9 3 *
9 9 *
6 .68  
8 .78  
15 M 0 .27
•e-
N>
6.7-g Penaeus aztecus 28 C-30 °/oo S Plow 2.2*+0 liters hr"1
Date o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-m in p e rio d  
1 2 3 *+ ave Length(mm) -Sex W eight(g) mg 02(g  wet w t .h r )"1










































6.7-g Penaeue aztecue 33 C-30 °/oo S Flow 2.403 liters hr 1
D ate o f 
experim ent Time
D iffe re n c e  betw een oxygen 
probes(ppm ) 15-mln p e rio d  
1 2  3 k ave Length(mm)-Sex W eight(g) mg 02(g  wet w t .h r ) ”1




























25 Feb 1330-1536 2 .50  2 .62  2 .6 7  2 .40  2 .55
91 <f 




02 March 0919-1119 2 .2 7  2 .04  2 .04  2 .28  2 .16











Appendix 3. O sm oregulation  d a ta t  
S iz e ,  s a l i n i t y ,  te m p e ra tu re  e f f e c t s
1**6
3.7-g Penaeua aztecus
D ate o f  A cc lim atio n  A cc lim atio n
ex perim en t te m p e ra tu re  (c )  s a l i n i t y  (mOsm) Hemolymph (mOsm)









































D ate o f  
ex perim en t
A cc lim atio n  
te m p e ra tu re  (C)
A cc lim atio n  
s a l i n i t y  (mOsm) Hemolymph (mOsm)



























D ate o f  A cc lim atio n  A cc lim atio n
experim en t te m p e ra tu re  (c) s a l i n i t y  (mOsm) Hemolymph (mOsm)







































6.7-g Penaeus agtecus continued
D ate o f  
experim en t
A cc lim atio n  
te m p e ra tu re  (c)
A cclim atio n  
s a l i n i t y  (mOsm) Hemolymph (mOsm)
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